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Abstract 

Type 1 diabetes is an endocrine disease caused by autoimmune destruction of insulin-producing beta 

cells, leading to elevated blood glucose levels. The beta cells are clustered in the islets of Langerhans 

located in the pancreas. A rising therapeutic option is transplantation of these islets to diabetic patients. 

Isolation of pancreatic islets cause a destruction of the vascular network and thus, angiogenesis is 

required for the islets to regain full vascularization and blood flow after transplantation. Recent studies 

have shown that islets transplanted to striated muscle are completely revascularized within 14 days.  

Pericytes are mural cells closely associated to endothelial cells and are involved in formation, maturation 

and stabilization of blood vessels. We therefore hypothesize that pericytes are involved in 

vascularization of transplanted islets, and that they also affect glucose homeostasis in MMP-9 deficient 

mice. MMP-9 is an enzyme known to facilitate endothelial cell migration by cleaving components in the 

extra cellular matrix, and MMP-9 deficient mice have altered glucose handling and a higher susceptibility 

to diabetes. Using confocal imaging and immunohistochemistry, pericytes was in this report investigated 

in two situations; in transplanted islets and in native pancreas of MMP-9 deficient mice. The results 

reveal that pericytes are present and localized around islet capillaries early after islet transplantation to 

striated muscle. In fact, more pericytes cover the newly formed blood vessels compared to at later time-

points post-transplantation or in native islets. Further, the results show that MMP-9 deficiency result in a 

reduced intra-islet capillary density, but do not impact on the pericyte coverage of islet blood vessels.  

Sammanfattning 

Typ 1-diabetes är en endokrin sjukdom orsakad av en otillräcklig insulinproduktion, vilket leder till 

förhöjda blodglukosnivåer. Insulin produceras av beta-celler, som återfinns i de Langerhanska öarna i 

pankreas, och frisläpps sedan till blodet. En lovande terapeutisk behandling till personer med diabetes är 

transplantation av dessa öar. Isolering av Langerhanska öar skadar det vaskulära nätverket och det är 

därför viktigt att angiogenes sker till och i öarna efter transplantation för att de ska återfå blodflöde. 

Nyligen genomförda studier har visat att Langerhanska öar transplanterade till tvärstrimmig muskulatur 

återfår ett vaskulärt nätverk inom 14 dagar.  

Pericyter är stödjeceller som omger endotelceller, och de är involverade i bildande, mognad och 

stabilisering av blodkärl. Vår hypotes är därför att pericyter kan vara involverade i vaskularisering av 

transplanterade öar, och de kan också påverka glukoshomeostas i genetiskt manipulerade möss som 

saknar MMP-9. MMP-9 är ett enzym som underlättar endotelcellmigration genom att klyva 

komponenter i det extra cellulära matrixet, och möss som saknar MMP-9 har en försämrad 

glukostolerans samt en högre känslighet för diabetes. I denna rapport har pericyter undersökts i två 

situationer; i transplanterade öar och i pankreasöar hos möss som saknar MMP-9. Resultaten visar att 

pericyter påträffas i Langerhanska öar efter transplantation till tvärstrimmig muskulatur och att fler 

pericyter täcker de nybildade blodkärlen tidigt efter transplantation jämfört med senare tidpunkter eller 

med öar i pankreas. Vidare visar resultaten att möss med defekt MMP-9 har lägre kapillärdensitet inne i 

öarna, men att pericyttäckning av dessa blodkärl inte är påverkad. 



 
 

Table of Contents 

 

Introduction ....................................................................................................................................... 5 

Diabetes Mellitus ....................................................................................................................................... 5 

Angiogenesis .............................................................................................................................................. 5 

Characteristics and functions of pericytes ................................................................................................ 6 

Factors influencing angiogenesis and pericytes ........................................................................................ 7 

Aim ............................................................................................................................................................ 9 

Materials and Methods .................................................................................................................... 10 

Experimental animals .............................................................................................................................. 10 

Pancreatic islet isolation and lectin staining of endothelium ................................................................. 10 

Transplanting islets and collecting pancreas ........................................................................................... 10 

Staining procedure of isolated pancreatic islets ..................................................................................... 11 

Staining procedure of collected mouse pancreas and muscle (all steps are performed in room 

temperature) ........................................................................................................................................... 11 

Conjugation of CD31 antibody ................................................................................................................ 12 

Confocal Microscopy and Image Analysis ............................................................................................... 12 

Statistics .................................................................................................................................................. 12 

Results ............................................................................................................................................. 13 

Quantification of blood vessels and pericyte coverage in native pancreatic islets ................................ 13 

Quantification of blood vessels and pericyte coverage in transplanted pancreatic islets ...................... 15 

Lectin-staining of isolated pancreatic islets ............................................................................................ 18 

Discussion ........................................................................................................................................ 19 

References ....................................................................................................................................... 21 

 



 

  4 

Abbrevations 

α-SMA   Alpha-smooth muscle actin 

Alk   Activin receptor-like kinase 

Ang   Angiopoetin 

CD31   Cluster of differentiation 31 

ECM   Extra cellular matrix 

HBSS   Hank’s balanced salt solution 

NG2   Neuron-glial antigen 2 

MMP-9   Matrix metalloproteinase 9 

PBS   Phosphate buffered saline 

PBST   Phosphate buffered saline -2%Tween 

PDGF-B   Platelet-derived growth factor subunit B 

PDGFRB  Beta-type platelet-derived growth factor receptor 

SEM   Standard error of the mean 

TGF-β   Transforming growth factor beta 

VEGF   Vascular endothelial growth factor 
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Introduction 

Diabetes Mellitus 

Diabetes Mellitus is currently a worldwide problem and has become a national disease. It is an endocrine 

disease where the glucose levels in the blood are elevated due to a deficient insulin production or an 

incomplete peripheral response to produced insulin. Insulin is produced by the islets of Langerhans 

situated in the pancreas. One to two percent of the pancreas consists of these islets, which in humans 

add up to about one million islets, where each islet contains approximately 2000 cells (Moldovan & 

Brunicardi, 2001). The most abundant cell type in the islets of Langerhans is the beta cells, which are the 

ones producing insulin that is released into the circulation in response to elevated glucose levels.  

There are two major types of diabetes mellitus: type 1 and type 2. Type 1 diabetes is characterized by an 

autoimmune destruction of the beta cells that develops into a chronic disease. This leads to insulin 

deficiency and can cause severe complications if untreated or uncontrolled. The patients need a lifelong 

treatment of exogenous insulin administration to survive (de Kort et al., 2011). However, the therapies 

currently used to treat diabetes are unsatisfactory as they do not offer a complete cure. A successful 

replacement of the beta cells in patients with type 1 diabetes would result in normalized glucose levels 

and the exogenous insulin administration would no longer be needed. This, however, is something that 

today is not yet available for the vast majority of persons with diabetes. Transplantation of pancreatic 

islets is currently only an option for patients where the diabetes is very difficult to control with 

exogenous insulin, and is performed by infusion of isolated islets through the portal vein to the liver. 

Unfortunately, these transplantations have had poor long-term results at least partly due to the lack of a 

reestablished functional vascular network within the islets leading to islet malfunction and death 

(Hellerström et al., 2002). Five years following islet transplantations, only 10 percent of the patients 

manage without insulin injections (Ryan et al., 2005) 

In a recent study by Christofferson et al. (2010), transplantation of pancreatic islets into striated muscle 

instead of the liver was shown to provide a complete and functional revascularization of the islets as well 

as blood perfusion comparable to islets of a native pancreas. Furthermore, diabetes was cured in mice 

within 8 days following transplantation. For a successful transplantation of pancreatic islets, it is 

necessary for the newly transplanted islets to reestablish a functional vascular network, which requires 

angiogenesis.  

Angiogenesis 

The first vascular plexus are formed during embryonic development by differentiation of angioblasts 

(endothelial precursor cells) from the mesoderm which will generate the first blood vessels (Risau, 1997). 

This process is called vasculogenesis, which is often confused with the term angiogenesis. When new 

capillaries are formed by sprouting or splitting from already existing vessels, the process is called 

angiogenesis. Angiogenesis occuring in adults is relatively rare; it occurs in the ovarian cycle, pregnancy, 

wound healing, and in pathological conditions such as tumors. 
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Characteristics and functions of pericytes 

Two distinct cell types build up all blood vessels; endothelial cells and mural cells, where the mural cells 

are associated with and enwrap the endothelial cells (Gaengel et al., 2009). These mural cells are 

commonly divided into smooth muscle cells and pericytes, where the pericytes are associated with the 

smallest blood vessels, including capillaries, arterioles and venules, whereas the smooth muscle cells are 

associated with larger vessels. Pericytes do normally not cover lymphatic vessels. They share their basal 

membrane with the endothelium and are found embracing the endothelial tube, where they can form a 

discontinuous cell layer. Depending on which tissue they are located in, the pericytes have different 

morphology, specialized functions and their density varies. 

The pericytes were first described by Rouget already in 1873, Zimmerman named the cell in 1923 and 

Kuwabara et al. established the term mural cell in 1961. However, the functions of pericytes are still not 

fully established. In contrast, the appearance of the pericytes is relatively known. They have a round cell 

body that generates a few primary processes that will surround the endothelial cells (Armulik et al., 

2011). These primary processes may also give rise to secondary processes, where the tips are firmly 

attached to the endothelium. The pericytes and the endothelial cells contact each other via specialized 

junctions, similar to tight junctions, and the number of contacts between two cells can be as many as 

1000.  

Table 1 shows a list of selected markers of pericytes, all dynamic in their expression, which makes them a 

limiting factor in pericyte research (Armulik et al., 2011).  

Table 1: Pericyte markers 

Pericyte marker Type  

Neuron-glial antigen 2 (NG2)      Integral membrane proteoglycan 

PDGFRB    Receptor tyrosine kinase 

α-SMA                                                                   Structural protein                                                                  

Desmin Structural protein 

 

Even though the functions of the pericytes are not fully identified, several studies have been performed. 

Current understanding state that blood vessels are stabilized by the perivascular extra cellular matrix but 

also by the pericytes surrounding the vessel wall. Since one pericyte might be in contact with several 

endothelial cells it is also likely that they mediate stabilization of neighboring endothelial cells (von Tell 

et al., 2006). Furthermore, pericytes play a role in diabetic complications (Armulik et al., 2011). For 

example, retinopathy is a commonly observed complication in diabetic patients, and is caused by altered 

retinal blood vessels. A loss of pericytes has been observed in retinopathy, which causes leakiness of the 

vessels. This observation demonstrates that pericytes are important for stabilization to prevent 

increased vascular permeability. Pericytes are also involved in angiogenesis and evidence shows that 

they have an impact on vessel maturation (see discussion below). Detachment of pericytes from the 

vessel wall allows endothelial cells to migrate into surrounding tissues and form new blood vessels 

(Ahmad et al., 2010).  
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A discussion whether pericytes have an ability to contract vessels and thus regulate blood flow is ongoing 

(Benjamin et al., 1998). Some pericytes express α-smooth muscle actin (α-SMA), which implicate a 

contractile function, but convincing evidence are still lacking and more research is necessary. From 

studies made by Hayden et al. (2008) it has also been known that pericytes are able to differentiate into 

multiple cell types, such as pancreatic stellate cells, fibroblasts and other smooth muscle cells. The 

impact of this observation in vivo is still unclear.  

The understanding of the origin of pericytes is limited. They share similarities with smooth muscle cells 

and the exact border between these cell types is vague, and it is possible that they can give rise to each 

other (Hayden et al., 2008). There has also been evidence that pericytes origin from native bone marrow 

progenitor cells. In addition, it has been demonstrated that there is a link between human mesenchymal 

cells and pericytes, since pericytes has been shown to express mesenchymal stem cell markers in situ 

(Crisan et al., 2008). This leads to a hypothesis that mesenchymal stem cells might be a progenitor cell to 

pericytes. Another strong evidence for this is that transforming growth factor beta (TGF-β, see below) 

has been shown to induce differentiation of mesenchymal cells to mural cells (Armulik et al., 2011).  

Factors influencing angiogenesis and pericytes 

The close anatomical association of pericytes and endothelial cells suggests interactions involving mainly 

paracrine or juxtacrine signaling (Armulik et al., 2011). The vascular endothelial growth factor (VEGF) is 

an activating factor for blood vessel formation and stimulates angiogenesis and vasculogenesis. In a 

study by Benjamin et al. (1998), VEGF was demonstrated to facilitate the recruitment of pericytes during 

angiogenesis and increased the spreading of pericytes along the endothelial tube. In this study, it was 

also discovered that the pericyte coverage of the endothelial tube proceeds from the arterioles toward 

the venules during angiogenesis. It has also been shown that an overexpression of VEGF in newly 

transplanted mouse pancreatic islets caused increased islet vascularization, which further evidence that 

VEGF play an important role in vascularization of newly transplanted iselts (Richards et al., 2010). 

An enzyme that also has been shown to have major impact on angiogenesis is matrix metalloproteniase 

9 (MMP-9) (Hideaki & Woessner, 1999). The main function of this enzyme is to regulate cell matrix 

compounds by cleaving one of the major components of the basement membrane; collagen. This will 

release matrix bound growth factors, such as VEGF, and also facilitate for endothelial cells to penetrate 

the surrounding tissue during sprouting angiogenesis. If the enzyme is inhibited it may prevent the 

formation of new vessels. Recently observations demonstrated that MMP-9 deficient mice have 

disturbed glucose homeostasis and an increased susceptibility to induced autoimmune diabetes 

(unpublished observations, Christoffersson & Phillipson). Pericytes have been shown to participate in 

tumor angiogenesis by directing an increased expression of MMP-9 to the migrating tip of sprouting 

vessels to promote their migration to the tumor (Ahmad et al., 2010). 
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Platelet-derived growth factor subunit B (PDGF-B) and its receptor beta-type platelet-derived growth 

factor receptor (PDGFRB) play an important role in pericyte recruitment to newly formed blood vessels 

(Gaengel et al., 2009). PDGF-B is released from the endothelium of angiogenic sprouts which attracts 

pericytes that express PDGFRB on their surface, and mice deficient in PDGFB exhibit defective pericyte 

recruitment to the vessel wall.  

TGF-β and its receptors Activin receptor-like kinase (Alk) are expressed by both endothelial cells and 

mural cells, and regulates basic functions such as proliferation and differentiation in both cell types, in 

addition to its role in the assembly of the vessel wall (Gaengel et al., 2009). Activation of Alk-5 by TGF- β 

mediates inhibition of cell migration, reduced proliferation, increased vessel maturation and smooth 

muscle differentiation in endothelial cells and pericytes, respectively. Signalling through Alk-1 on the 

other hand mediates cell migration, proliferation and inhibit vessel maturation and smooth muscle 

differentiation. The question remain what determines the cellular response since the two of them have 

opposite effects. There is likely a balance between the levels of Alk-1 and Alk-5 that determines the 

response. Knockout mice of both Alk and TGF-β have defects in vascular development (Gaengel et al., 

2009).  

Other factors that influence angiogenesis are Angiopoietin (Ang) and its receptor Tie. They are involved 

in the maturation of blood vessels and are responsible for normal vascular development (Gaengel et al., 

2009). Tie is expressed on endothelial cells and Ang is expressed by pericytes. It has also been suggested 

that both Ang and Tie affect the stabilization of the vessels from studies that have shown that a knockout 

of the main receptor Tie-2 in mice give rise to endothelial cells that lack mural cells, while a knockout of 

Ang-1 results in poor adhesion between endothelial and mural cells (Richards et al., 2010). 

There are currently two different views in exactly how important pericytes are for vessel formation and 

maturation. Benjamin et al. (1998) claims that pericyte coverage of new blood vessels occurs after the 

formation of the vessels, which is mediated by the expression of VEGF, and this have been shown in the 

vessel formation in mice retina. They state that pericytes do not play an important role in the initial 

formation of blood vessel, but rather in maturation. In contrast, Ozerdem & Stallcup (2003) state that 

pericytes are immediately recruited to newly formed vessels and are found on the tip of the sprouting 

vessels during early phases of vasculariation where they are guiding the vessel processes by expressing 

VEGF. This have been observed both in retina and in tumors. Their results make them hypotesie that 

pericytes have a leading role in new vessel formation. It remains unclear exactly how pericytes are 

involved in angiogenesis, but it is undoubtedly an important actor.  
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Aim 

The aim of this project is to analyze pericytes in pancreatic islets and it will be done in two situations; in 

native pancreas of MMP-9 deficient mice, as well as in revascularized islets transplanted to striated 

muscle. Little is known about pericytes in pancreas, and their role in the pancreatic islets is not clear. 

Preliminary results suggest impaired glucose handling in MMP-9 deficient mice; therefore it is interesting 

to investigate if this observation is due to altered islet vascularization, blood vessel densities or pericyte 

coverage in pancreatic islets. In addition, pericyte coverage of the newly formed intra-islet vasculature 

will be investigated at different time-points following transplantation.  

There is a need for new therapeutical strategies for diabetes and if there is evidence that pericytes play 

an important role in vascularization of newly transplanted pancreatic islets, or in glucose homeostasis in 

the native pancreas, pericytes might be a target for more research in developing new therapies for 

diabetes and islets transplantations. 
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Materials and Methods 

Experimental animals  

The mice used in the experiments were male C57Bl/6 (25-30 g) from Taconic, Denmark, and MMP-9-

deficient (MMP-9-/-) mice backcrossed for twelve generations to C57Bl/6 (25-30g) from Rega Institute, 

Leuven, Belgium (Dubois et al., 1999). The animals had free access to food and water, and were housed 

in the animal facility, BMC, Uppsala University, Uppsala, Sweden. All experiments were approved by the 

Uppsala Laboratory Animal Ethical Committee.  

Pancreatic islet isolation and lectin staining of endothelium 

Prior to islet isolation, the endothelium in wild-type and MMP-9 deficient mice were stained in vivo with 

lectin followed by gradient isolation of the islets. Fifty µg isolectin B4 Alexa Fluor 568 (Invitrogen) diluted 

in saline was injected into the tail vein of the mouse, and was allowed to circulate for five to ten minutes 

before the mice were killed by cervical dislocation. Ten mg collagenase A (Roche diagnostics) was 

dissolved in 8 ml Hank’s balanced salt solution (HBSS) (Sigma Aldrich) and 4 ml was injected into the 

pancreas via the common bile duct. The pancreas was collected into a falcon tube and was placed in a 

37°C water bath for 18 minutes to dissolve the exocrine part of the pancreas. To separate islets from 

exocrine tissue, a density gradient centrifugation was used. The pancreas was washed with washing 

buffer (containing Ringer-acetate, penicillin, glucose & sodium bicarbonate) (Baxter) and centrifuged for 

two minutes (200x g, 10°C, acc:9, brake:9). The supernatant was removed and new washing buffer was 

added followed by centrifugation, a procedure that was repeated twice. Thereafter, the sample was 

passed through a filter and then centrifuged once again. Fifteen ml Histopaque 1077 (Sigma Aldrich) was 

then added and the sample was vortexed. Ten ml serum free medium (RPMI 1640, containing L-

glutamine and penicillin) (Sigma Aldrich) was carefully layered on top of the Histopaque  and the sample 

was centrifuged for 22 minutes (900x g, 10°C, acc:3, brake:0), which resulted in islets located in the 

interface between the two liquids. Islets were then collected, washed in washing buffer and centrifuged 

twice as above. The free-floating islets were placed in islet culture medium (RPMI 1640 with added D-

glucose, penicillin, streptomycin, fetal calf serum and L-glutamine) (Sigma Aldrich) and was counted. 

They were then fixated in paraformaldehyde for 15 minutes, and then placed in PBS for 

immunohistochemical staining. 

Transplanting islets and collecting pancreas 

Islets from wild-type mice (isolated with gradient isolation as described above) were transplanted 

through a butterfly needle to the abdominal muscle of anaesthetized wild-type mice. The transplant was 

collected after either five days or four weeks and placed Neg-50 frozen section medium (Thermo 

Scientific), then snap-frozen in liquid nitrogen and stored at- 70°C.  
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Native pancreas from both wild-type mice and MMP-9 deficient mice were collected after the mice were 

killed by cervical dislocation and frozen as above. Collected islets in muscle and pancreas were 

cryosectioned (Leica CM 1950) in 10 µm thick sections and placed on microscope slides for 

immunohistochemical staining. The transplanted islets in the muscle were distinguished with Toluidine 

blue dye. 

Staining procedure of isolated pancreatic islets  

The islets were incubated with 0.5% Triton X and 10% goat serum for one hour for permeabilization and 

to block unspecific antibody binding, before the primary antibody rat anti-NG2 IgG (clone 546930, R&D 

systems), diluted 1:100 in phosphate buffered saline (PBS) and 10% goat serum, was added and 

incubated overnight in 4°C. The day after, islets were washed 3x10 minutes in PBS before incubating with 

secondary antibody chicken anti-rat IgG (Alexa Fluor 647, Invitrogen), diluted 1:500 in PBS and 10% goat 

serum in room temperature two hours. The samples were then washed 3x10 minutes in PBS to remove 

the secondary antibody.  

In order to make the islets more transparent for visualization in 3D, an optical clearing agent was used.  

After immunohistochemical staining the samples were dehydrated for ten minutes respectively in 50%, 

70%, 95% and twice in 100% aqua distillated ethanol (99.5%). They were then cleared with the clearing 

agent methyl salicylate (Sigma Aldrich) diluted with the dehydrator (aqua distillated ethanol, 99.5%), 30 

minutes respectively in 50%, 70% and twice in 100%.  

Staining procedure of collected mouse pancreas and muscle (all steps are performed in room 

temperature) 

The cryo sections of pancreas or muscle were air dried for 30 minutes and then fixated in ice cold 

methanol for ten minutes. The sections were permeabilized by 0.5% Triton X and blocked by 10% goat 

serum in phosphate buffered saline with 2%Tween (PBST) (Sigma Aldrich) for 45 minutes, to prevent 

unspecific binding. The sections were washed 3x5 minutes in PBST before incubating with primary 

antibody for three hours. The primary antibodies rat anti-NG2 and rabbit anti-insulin (polyclonal, Abcam) 

was diluted 1:100 in PBST and with 10% goat serum. 

The sections were washed 3x5 minutes in PBST to remove the primary antibody. The secondary 

antibodies chicken anti-rat IgG (Alexa Fluor 647) and donkey anti-rabbit IgG(Alexa Fluor 488, Invitrogen) 

was added in 1:500 dilution of PBST and 10% goat serum and was incubated for 45 minutes. The 

secondary antibody was removed by washing 3x5 minutes with PBST and the sections were then stained 

for CD31 with rat anti- mouse CD31 conjugated to Alexa Fluor 555 (see conjugation below). The antibody 

was diluted 1:100 in PBST and 10% goat serum and incubated for 30 minutes. To remove the antibody 

the sections were washed 3x5 minutes with PBST.  

The nuclei were stained with Hoescht diluted 1:10 000 in PBS for ten minutes. The sections were washed 

3x5 minutes with PBST and were then mounted with Fluoromount G (Southern Biotech).  
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Conjugation of CD31 antibody 

Rat anti-mouse CD31 IgG (clone 390, eBioscience) was conjugated using Alexa Fluor 555 monoclonal 

antibody labeling kit (Invitrogen) according to manufacturer’s protocol. In brief, for 100 µl antibody 

solution, 10% 1 M sodium bicarbonate solution was added to the dye (containing Alexa Fluor 555, 

carboxylic acid, succinimidyl ester) and thenthe CD31 antibodies were added, before incubation for one 

hour in room temperature. For purification of the sample, resin was placed in a spin column and 

centrifuged (1100x g, three min) in order to create a gel bed. The sample with antibodies was added to 

the gel bed and the spin column was placed in a collection tube and centrifuged again (1100x g, five 

min). The collection tube then contained the labeled antibody.   

Confocal Microscopy and Image Analysis 

To visualize the immunohistochemically stained pericytes and blood vessels in pancreatic islets a laser 

scanning confocal microscope (Zeiss, LSM 5 Live) was used with objective 40x/1.0W (0.5x optical zoom) 

and Zeiss Zen software. The images were quantified using ImageJ. The pancreatic islets were 

distinguished by insulin staining and the area of the islet was measured. The number of blood vessels in 

the islet was counted by anti-CD31 staining of the vessels (no vessel diameter was measured). Based on 

the number of blood vessels within the insulin-positive area the density of the blood vessels in the islet 

was calculated. Also, the number of blood vessels with attached pericytes was quantified by the anti-

NG2 staining of the pericytes.  

Statistics 

Statistical analyses for comparison between groups were performed using unpaired two-tailed Student’s 

t-tests. Values are expressed as mean ±SEM 
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Results 

Quantification of blood vessels and pericyte coverage in native pancreatic islets  

Based on unpublished observations of altered glucose handling and insulin release in MMP-9 deficient 

mice indicating aberrant islet function, we wanted to investigate whether blood vessel density and 

pericyte coverage differed in native pancreatic islets of MMP-9 deficient mice compared to wild-type 

islets. Pancreas were collected from these mice and prepared for immunohistochemistry. Islets were 

detected by anti-insulin staining, and pericytes and blood vessels were stained with anti-NG2 and anti-

CD31, respectively (fig. 1A-E and fig. 2A-E). Quantification revealed that the blood vessel density, based 

on number of vessels within the insulin-positive area, was significant lower in MMP-9 deficient islets  

(*P = 0.014, fig. 3). However, to avoid the potential error of measuring islet area in sections, we are now 

aiming at measuring the area of isolated islets (ongoing studies).  
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FIGURE 1. Confocal images of an 

islet from a native wild-type 

pancreas. Insulin-pAb (purple) 

shows the β-cells of the islet, CD31-

mAb (red) shows blood vessels, 

NG2-mAb (green) marks pericytes 

and. Hoechst (blue) detects the 

nuclei. Bars are 50 µm. 
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FIGURE 3. Blood vessel densities in native 

pancreatic islets was decreased in MMP-9 

deficient mice (n=5 mice, 22 islets). 

compared to wild-type islets (n=5 mice, 25 

islets)*P = 0.014. All values are given as 

means ±SEM. *P < 0.05 is considered 

significant.  
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FIGURE 2. Confocal images of an 

islet from a native pancreas in a 

MMP-9 deficient mouse. Insulin-

pAb (purple) stains the β-cells of 

the islet, CD31-mAb (red) shows 

blood vessels, NG2-mAb (green) 

shows pericytes and Hoechst (blue) 

marks the nuclei. Bars are 50 µm. 
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The pericyte coverage of the blood vessels was quantified as number of co-localized NG2-positive 

pericytes and CD31-positive vessels (fig. 1C-D, 2C-D). NG2-pericytes (green) was found to co-localize with 

the vast majority of CD31+ vessels (red), as seen in fig. 1E and 2E, which indicates that there is almost a 

complete pericyte coverage of blood vessels in pancreatic islets in both strains of mice (fig. 4A). 

Pericyte coverage was then investigated for the blood vessels in close vicinity of the islets in wild-type 

and MMP-deficient mice. As fig. 4B indicates, no significant difference was observed, which shows that 

also vessels surrounding the islets have normalized pericyte coverage in MMP-9 deficient mice.  

 

 

 

Quantification of blood vessels and pericyte coverage in transplanted pancreatic islets  

We have previously found that revascularization of islets transplanted to striated muscle begins as early 

as 3 days post transplantation. To investigate pericyte coverage of these newly formed blood vessels, 

isolated wild-type islets were transplanted to striated muscle of wild-type mice and the graft was 

collected at either 5 days or 4 weeks post transplantation. The tissue containing grafts were sectioned 

and immunohistochemically stained for examination. The islets were detected by anti-insulin staining, 

and blood vessels and pericytes were stained with anti-CD31 and anti-NG2, respectively (fig. 5A-E and 

fig. 6A-E). 

In agreement with earlier studies, we found a rapid vascularization of the transplanted islets with blood 

vessels present already after 5 days (fig. 7A), where the blood vessel density was measured based on 

number of vessels within the islet. Following this time point, the intra-islet vascular network continues to 

develop and significantly higher blood vessels densities were detected after 4 weeks post transplantation 

(*P=0.005).  At this time post transplantation these levels were normalized and similar to what was 

observed for native islets (fig. 7B). 
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FIGURE 4. Pericyte coverage of blood vessels in pancreatic islets of wild-type (n=5 mice, 25 islets) compared to MMP-9 

deficient (n=5 mice, 22 islets) mice (A). Panel B demonstrates pericyte coverage of the heterogeneous vessels population 

(including capillaries, arterioles and venules) in tissues surrounding the pancreatic islets in wild-type and MMP-9 deficient 

mice. All values are given as means ±SEM.   
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C              CD31-mAb   D          NG2-mAb   E      CD31-mAb + NG2-mAb
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FIGURE 6. Confocal images of an 

islet (dashed lines) 4 weeks after 

transplantation to striated muscle. 

Insulin-pAb (purple) shows the β-

cells of the islet, CD31-mAb (red) 

shows blood vessels, NG2-mAb 

(green) shows pericytes and 

Hoechst (blue) shows the nuclei. 

Bars are 50 µm. 

 

FIGURE 5. Confocal images of an 

islet 5 days after transplantation 

to striated muscle. Insulin-pAb 

(purple) shows the β-cells of the 

islet, CD31-mAb (red) shows blood 

vessels, NG2-mAb (green) shows 

pericytes and Hoechst (blue) 

marks the nuclei.  Bars are 50 µm. 
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FIGURE 8. Pericyte coverage of blood vessels in transplanted islets 5 days post transplantation (n=4, 23 islets) compared to 4 

weeks post transplantation (n=2, 11 islets) (A) where *P= 0.023. Also, wild-type mice (n=5, 25 islets) was compared to 4 weeks 

post transplantation (n=2, 11 islets) (C). *P < 0.05 is considered significant. All values are given as means ±SEM. 

tx=transplantation. 

 

 

 

 

 

 

 

 

 

Pericyte coverage of blood vessels in transplanted islets was then measured as number of NG2-positive 

pericytes over CD31-positive vessels (fig. 5A-E and fig. 6A-E). It was shown that NG2-pericytes (green) 

was nearly overlapping all vessels with anti-CD31 (red) (fig. 6E) 4 weeks post transplantation and no 

significant difference was found compared to wild-type (fig. 8B). However, fig. 8A shows pericytes 

coverage of blood vessels to be higher 5 days after transplantation (P=0.023), indicating a higher pericyte 

coverage early after transplantation, that return to basal levels after 4 weeks.  
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FIGURE 7. Blood vessel densities in transplanted islets at different time points following transplantation. A: Vessel density in 

transplanted islets was increased at 4 weeks post transplantation (n=2, 11 islets) compared to 5 days post transplantation (n=4, 

23 islets). *P = 0.005. B: Vessel densities in native islets in pancreas (n=5 mice, 25 islets) compared to vessel densities observed in 

mice 4 weeks post transplantation. All values are given as means ±SEM. *P < 0.05 is considered significant. tx=transplantation.  
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Lectin-staining of isolated pancreatic islets 

In order to further investigate possible islet vascular aberrations in the MMP-9 deficient mice, pancreatic 

islets were isolated from wild-type and MMP-9 deficient mice. Attempts to stain pericytes to distinguish 

their appearance and coverage of the vessels in 3D images were made, but no satisfactory result was 

obtained within the time frame of this project. However, the in vivo staining of blood vessels with lectin 

of a wild-type islet is shown in fig. 9.  

 

 

 

 

 

 

 

  

FIGURE 9. A confocal image in 3D of an 

isolated islet from wild-type mice showing 

blood vessels stained with lectin in red. Bar is 

50 µm. 
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Discussion  

The islets of Langerhans, situated in the pancreas, have as a primary function to regulate blood glucose 

levels by the release of hormons, e.g insulin, into the blood (Moldovan & Brunicardi, 2001). Insulin is 

produced by beta cells found in the islets, and type 1 diabetes is caused by an autoimmune destruction 

of these cells. The only clinical available option to cure this disease is by transplanting insulin-producing 

cells from a deceased donor, but the success rate is limited and methods needs to be improved for 

successful long-term cure. The islets of Langerhans have a rich blood flow and are highly vascularized 

with dense, glomerular-like capillary network. A complete revascularization after transplantation is 

therefore believed to be necessary for proper islet function since an interruption of all vascular 

connections occurs during islet isolation, making the transplanted islets lacking a functional capillary 

system. Recent studies have revealed that islets transplanted to striated muscle reestablish a normal 

vasculature after 2 weeks (Christofferson et al., 2010). 

Pericytes are mural cells that associate with the smallest blood vessels (Gaengel et al., 2009) and have 

been shown to be involved in formation, maturation (von Tell et al., 2006) and stabilization (Ahmad et 

al., 2010) of blood vessels. Little has been studied about pancreatic pericytes and we therefore wanted 

to investigate the role of pericytes in islets. The results in this study were obtained using confocal 

microscopy of immunohistochemically stained islets where the pericyte coverage of blood vessels was 

quantified as well as islet blood densities. We found almost complete pericyte coverage in wild-type 

mice in native pancreatic islets (fig. 1A-E), which verify that pericytes are attached to the blood vessels 

also in the islets. We also confirmed the results from previous studies (Christofferson et al., 2010) where 

transplanted islets regained normal vascularization 4 weeks post transplantation (fig. 7C). The pericyte 

coverage of the transplanted islets was investigated as well and we found that 4 weeks post 

transplantation, the islets have nearly complete pericyte coverage of the blood vessels, showing no 

significant difference from native islets within the pancreas (fig. 8B).  However, our results show higher 

pericyte coverage early after transplantation (fig. 8A). It is known that angiogenic blood vessels are more 

permeable and thereby leak more plasma (Vandoorne et al., 2010), whereas vessels lacking pericytes are 

known to have an increased vascular permeability (Armulik et al., 2011). In addition, the intra-islet 

capillaries were shown to have increased diameter early after transplantation (Christofferson et al., 

2010), but these levels return to normal 4 weeks post transplantation. It is be possible that pericytes are 

required early after transplantation to stabilize the newly formed dilated and leaky blood vessels.  

In this study we also investigated the blood vessel densities and pericyte coverage in native islets of 

MMP-9 deficient mice. These mice have been shown to have impaired glucose handling and higher 

susceptibility to diabetes (unpublished observations, Christoffersson & Phillipson) and the cause of this is 

not yet known. MMP-9 is an important factor in angiogenesis, and degrades components in the 

extracellular matrix (ECM), which release important growth factors bound to ECM such as vascular 

endothelial growth factor (VEGF), in addition to facilitate for endothelial cells to migrate during sprouting 

(Van den Steen et al., 2002). In the present study we found that mice deficient in MMP-9 have decreased 

blood vessel densities within their islets compared to what was observed in wild-type islets (fig. 3). This 

might affect the blood perfusion to the islets and since insulin is released from the islet to the blood it 
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could be an explanation to the impaired glucose handling. We also report that a MMP-9 deficiency does 

not cause any alterations in the pericyte coverage in native islets (fig. 4A). We can from this draw the 

conclusion that MMP-9 does not impact the pericyte coverage of blood vessels. Further, we can assume 

that it is not the pericyte density that affects the glucose handling in these mice.      

The cause of impaired glucose handling in MMP-9 deficient mice is still not known, but in this study we 

found that pericyte coverage of blood vessels in native pancreatic islets is normalized and therefore 

assumingly not the explanation. The blood vessel densities in these mice, however, are altered, and if 

this could affect total islet blood perfusion and thereby systemic glucose handling remain to be 

investigated. Further investigation is also necessary concerning pancreatic pericytes. In this study, we 

have reported that transplanted islets to striated muscle not only reestablish the intra-islet vasculature, 

but that these vessels exhibit normal pericyte coverage. However, it is not known where the pericytes 

originate from in these islets. There is an ongoing discussion whether the endothelial cells in 

transplanted islets origin from the donor or the recipient, or from both (Brissova et al., 2004), which now 

can be expanded to include the origin and fate of pericytes.  
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