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Abstract

 

The revascularization and the structural changes resulting from interactions between the graft and the host were

investigated in transplanted pancreatic islets under the kidney capsule. Islets were isolated from mice pancreata

and transplanted in syngeneic diabetic animals. Graft-bearing kidneys were collected on different days post-

transplant and processed for light microscopy, immunohistochemistry and transmission electron microscopy. A

numerical analysis was performed in order to compare the percentage number of the different types of cells in

native islets and at different time points after the transplant. Recipient animals reversed diabetes within 4 days.

An intraperitoneal glucose tolerance test was performed to determine islet functionality under stressful conditions.

During the initial few days post-transplant, the islets showed peculiar shapes and the graft tended to aggregate

along the vessels. Starting at days 4–7 post-transplant, islets were revascularized from vessels connected to both the

cortical and the capsular vascular network of the kidney. From day 7–14 post-transplant, the vessels progressively

appeared more similar in features and size to those of 

 

in situ

 

 pancreatic islets. Both the percentage number of the

different cell types and the distribution of Alpha, Beta and Delta cells inside the graft were significantly different

as compared with intact islets, demonstrating quantitative and structural changes after the engraftment. No con-

comitant proliferation of Beta cells was detected using a bromodeoxyuridin staining method. Despite the fact that

quick revascularization preserved a large mass of tissue, the remodelling process of the graft and the newly formed

vascularization led to a different organization of the endocrine tissue as compared with intact 

 

in situ

 

 islets. This

constitutes the morphological basis for alterations of the normal intercellular interactions and may explain the

altered secretory cell function often observed in transplant.
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Introduction

 

Transplantation of isolated pancreatic islets is a pro-

mising approach for the treatment of type I diabetes

(Tzakis et al. 1990; Pieper et al. 1995; Korbutt et al. 1997).

Over the past decade this clinical approach has failed to

produce satisfactory and consistent long-term results

(Bretzel et al. 1996; Rastellini et al. 1997; Hering & Ricordi,

1999). However, recent innovative strategies have

been able to provide an increase in the success rate of

insulin independence following pancreatic islet trans-

plantation in diabetic patients (Shapiro et al. 2000;

Ryan et al. 2005).

Even under the most successful protocols (Ryan et al.

2005; CITR, 2005, http://spitfire.emmes.com/study/isl/),

islet mass seems to be a critical limitation to achieving

insulin independence and within this limitation, inter-

action of multiple factors such as islet viability, func-

tionality and engraftment are probably responsible for

the outcome.
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The revascularization process of islet grafts is of

major interest (Menger et al. 2001; Mattsson et al.

2006). In whole organ grafts, such as heart, kidney,

intestine, liver or pancreas, the revascularization is

supported by the pre-existing microvascular system of

the organ, while isolated pancreatic islets are avascular

grafts and necessitate the neo-formation of a micro-

vascular network to re-establish nutritional blood

supply. This condition leads to prolonged hypoxia as

long as the islets are dependent on the diffusion of

oxygen and nutrients from surrounding tissues. There-

fore, from the isolation to the post-transplant period,

pancreatic islets are in a prolonged vulnerable condition

that could jeopardize cell survival (Davalli et al. 1996),

as well as insulin secretion (Dionne et al. 1993), until

they are revascularized by angiogenesis (Menger et al.

1989; Zhang et al. 2004).

Recent studies (El-Naggar et al. 1993; Wang et al.

1999; Morini et al. 2001, 2006) have demonstrated that

islet isolation by collagenase, traumatic insult and pro-

longed hypoxia during the digestion and purification

processes can cause changes of the normal structure in

a substantial number of islets. These alterations have

been considered the morphological basis for loss of regul-

ated insulin secretion by isolated pancreatic islets (Pai

et al. 1993). Besides the alterations following the isolation

procedure, other structural changes could be expected

as a consequence of the interaction between the trans-

planted islets and the host tissue (Davalli et al. 1996),

especially regarding the microvascular organization.

The hypothesis leading our study was that the

final structure of the engrafted islets could be quite

different from that of 

 

in situ

 

 islets, thus affecting the

fine secretory cell function and the final metabolic

regulation. Therefore, the aim of this study was to

investigate the process of revascularization and its

relationship with the remodelling of the endocrine

tissue transplanted under the kidney capsule. Although

intrahepatic islet transplantation is commonly used

in clinical protocols it does not appear to be the ideal

location, especially in long-term follow-up. Because of

the risks, including drug toxicity and lipotoxicity,

alternative sites are under evaluation (Hering &

Ricordi, 1999; Ricordi & Strom, 2004; Robertson, 2004;

Shapiro et al. 2006). We chose the kidney as the site of

transplant because it is an accurate model from a

functional standpoint, and it allows us to investigate

the vascularization of transplanted islets when these

had engrafted enough to provide metabolic controls.

 

Materials and methods

 

Animals

 

In order to avoid alterations of the normal engraftment

due to immunological components, we performed

syngeneic islet transplantation on mice. C57BL/6 male

mice (

 

∼

 

12 weeks old) weighing 

 

∼

 

30 g were used as

pancreas (pancreatic islets) donors, islet recipients, and

control for 

 

in situ

 

 islet study. Animals were purchased

from Charles River Laboratory (New York, USA),

housed in a standard animal facility and provided 

 

ad

libitum

 

 with Purina rodent chow and tap water. All

experiments were approved by the Institutional

Animal Care and Use Committee and were performed

following standard regulatory guidelines for research

involving animals.

 

Pancreas procurement

 

Under Metofane (methoxyflurane, Pittman-Moore,

Inc., Mundalein, IL, USA)-induced anaesthesia, a midline

abdominal incision of the donor was performed. After

cannulation of the pancreatic duct, cold (4 

 

°

 

C) colla-

genase (0.8 mg mL

 

−

 

1

 

; Sigma-Aldrich, St Louis, MO, USA)

solution was injected. Following adequate distention,

and quick exsanguinations through excision of the

portal vein, the pancreas was harvested and stored

on ice.

 

Islet isolation and purification

 

Islets were isolated by a modification of the semi-

automated method described by Ricordi et al. (1992).

Briefly, the harvested pancreata were loaded into a

stainless steel digestion chamber and, under gentle

agitation, were perfused with recirculating activated

collagenase solution (flow rate 85 mL min

 

−

 

1

 

, temperature

 

∼

 

37 

 

°

 

C). Microscopic examination of dithizone-stained

samples obtained serially at 2-min intervals (starting at

the 6th minute of digestion) was used to monitor tissue

digestion. With the appearance of dissociated intact

islets, this process was ceased and the tissue was collected

and washed (400 

 

g

 

 for 3 min). Islets were further purified

by centrifugation (800 

 

g

 

 for 10 min) on discontinuous

density gradients (1.108, 1.096, 1.037; Cellgro/Medi-

atech, Herndon, VA, USA). Washes after purification

were performed at 800

 

 g

 

 for 3 min and 400

 

 g

 

 for 3 min.

Four isolations were performed for the entire study

with 22 donors per isolation.
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Islet assessment

 

Islets were assessed 

 

in vitro

 

 for number, purity and

viability by dithizone and trypan blue dye exclusion

(Sigma-Aldrich). Although trypan blue is poor and

subjective for viability of multicellular aggregates, it is

used (approved by FDA for pretransplant clinical islet

assessment) in islet transplantation because it provides

rapid viability information along with dithizone.

Furthermore, islet functionality was determined by

reversing chemically induced diabetes 

 

in vivo

 

.

 

Diabetes induction and islet transplantation

 

Isolated islets were transplanted as fresh islets without

being cultured. Recipient mice were rendered diabetic

4 days prior to islet transplantation by single streptozo-

tocin injection (300 mg kg

 

−

 

1

 

 i.v., tail vein; Sigma-Aldrich).

Animals with blood glucose level (BGL) > 300 mg dL

 

−

 

1

 

for three consecutive days were included in the study.

A total of 34 diabetic mice were transplanted. Under

Metofane anaesthesia, approximately 600 islets per

diabetic recipient were placed under the left kidney

capsule (superior pole) following a left flank incision.

Recipients of islet grafts who experienced reversal of

diabetes within 1–4 days post-transplant were included

in the study. Transplanted islets were considered to

have engrafted when blood glucose levels of

< 200 mg dL

 

−

 

1

 

 were attained and maintained. BGL and

body weight were monitored daily.

 

IPGTT

 

In normoglycaemic animals, at different post-transplant

time points (4, 7, 14, 21 and over 50 days) islet graft

functionality was assessed by intraperitoneal glucose

tolerance tests (IPGTTs). Briefly, six animals for each

time point were fasted overnight, and following the

detection of baseline BGL, 2 g kg

 

−

 

1

 

 body weight of

glucose (in 0.5 mL of saline) was injected into the

peritoneal cavity. BGL was then detected at 15, 30, 45,

60, 90 and 120 min after injection.

 

Study schedule

 

Graft-bearing kidneys were harvested and analysed

on days 2, 4, 7, 14 and 21 post-transplant. Six animals

were nephrectomized at each time point to perform

histology, immunohistochemistry and transmission

electron microscopy (TEM). Four transplanted animals

were used for the B-cell proliferation study.

 

Light microscopy

 

Graft-bearing kidneys were fixed in 4% buffered

formaldehyde solution. While transplanted islets

were easily visible on the surface, the kidneys were cut

through transverse planes in order to obtain round

slides containing some islets, about 1 mm thick.

Specimens were then embedded in paraffin; 5-

 

µ

 

m-thick

sections were cut and stained with haematoxylin-eosin

(HE) and routine techniques.

 

Immunohistochemistry

 

Samples of kidneys with transplanted islets, and

pancreata of both normal and streptozotocin-treated

animals were fixed in 4% buffered formaldehyde

solution for 24 h at room temperature and embedded

in paraffin of 57 

 

°

 

C melting point. Sections 5 

 

µ

 

m thick

were immunoperoxidase stained for glucagon, insulin

and somatostatin.

The indirect immunohistochemical technique was

used. After blocking the endogenous peroxidase

activity, CAS Block (Zymed Laboratories, San Francisco,

CA, USA) serum was applied to reduce non-specific

background staining. For the localization of insulin-

producing cells (B cells), we used as primary antibody

the guinea-pig anti-insulin (Dako Corporation, Carpin-

teria, CA, USA) diluted 1 : 100, and the secondary

antibody used was biotinylated rabbit anti-guinea-pig

immunoglobulin (Zymed Laboratories) diluted 1 : 500.

To localize glucagon- and somatostatin-producing

cells (A cells and D cells), we utilized as primary antibody

rabbit anti-glucagon (Zymed Laboratories) diluted

1 : 50, and undiluted rabbit anti-somatostatin (Ymel,

Rome, Italy), respectively. The secondary antibody used

in both procedures was biotinylated goat anti-rabbit

immunoglobulin (Zymed Laboratories).

For vascular detection we used as primary antibody

goat polyclonal anti-von Willebrand factor (vWF)

(Santa Cruz Biotechnologies, Inc., Santa Cruz, CA, USA)

diluted 1 : 400. As secondary antibody we used LSAB Plus

(Dako Corporation). We used rat anti-CD31 (BioLegend,

San Diego, CA, USA) with biotinylated anti-rat IgG-B

(Santa Cruz Biotechnologies, Inc.) as secondary antibody.

Sections were incubated overnight in the primary

antibodies at 4 

 

°

 

C. After the application of the secondary
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antibody the sections were incubated with streptavidin-

peroxidase complex (Zymed Laboratories), and the

subsequent development was performed with diami-

nobenzidine to yield a brown colour reaction. Sections

were counterstained with Mayer’s haematoxylin to

facilitate nuclear identification. Controls were performed

to exclude non-specific staining.

 

5-Bromo2′′′′

 

-deoxy-uridine (BrdU) staining

 

Beta cell proliferation was detected by BrdU incorpora-

tion. At day 7 and at day 14 post-transplant two animals

were injected with BrdU (10 mL kg

 

−

 

1

 

). Three total injec-

tions were performed 24 h apart and the animals were

killed 6 h following the last injection. Graft-bearing

kidneys were prepared in paraffin-embedded sections

and stained following the manufacturer’s directions

(ROCHE Applied Sciences, Indianapolis, IN, USA) and

evaluated by immunofluorescence. Negative and

positive controls were included. As positive control we

used pregnant mice, in which islet hyperplasia due to

B-cell replication is known to occur.

 

Transmission electron microscopy (TEM)

 

To obtain better fixation of the endothelial cells,

kidneys for TEM observations were perfused through the

descending aorta with buffered glutaraldehyde solu-

tion for 5 min before being harvested from the animals.

Kidneys were then immersed in 2.5% phosphate-

buffered (0.1 

 

M

 

, pH 7.4) glutaraldehyde solution for

48 h at 4 

 

°

 

C. Specimens, about 1 mm square, and con-

taining transplanted islets, were cut from the surface of

the kidney, washed in 0.1 

 

M

 

 phosphate buffer and

post-fixed in 1% OsO

 

4

 

 for 2 h at 4 

 

°

 

C. Samples were then

dehydrated through a graded ethanol series and

propylene oxide and embedded in Epon 812 for 48 h.

Semithin sections (0.5–1 

 

µ

 

m thick) were cut with a glass

knife on a Top Ultra 170 ultramicrotome (Pabish, Milan,

Italy) and stained with methylene blue to select

representative areas. Ultrathin sections were cut with a

diamond knife, stained with uranyl acetate and lead

citrate and observed via a Zeiss EM9A (Carl Zeiss,

Oberkochen, Germany) transmission electron microscopy.

 

Numerical analysis

 

We considered the following for numerical analysis:

up to 200 islets randomly chosen from six normal

pancreata; a similar amount of transplanted islets,

taken from the pellet obtained after each isolation; all

the samples with transplanted islets for each time point.

Serial sections were stained with immunoperoxidase

for glucagon, insulin and somatostatin. The percent-

age number of the different types of cells was calcu-

lated by counting A, B and D cells present in each islet.

Comparisons between the percentage number of cells

in 

 

in situ

 

 islets and in transplanted islets at different

time points were statistically evaluated by Student’s

 

t

 

-test for unpaired values.

 

Results

 

Pancreatic islet isolations were successfully performed.

Comparable numbers of islets, value for IEq, purity and

viability were obtained from the four isolations, as

detailed in Table 1. Transplanted animals in this study

reversed diabetes (BGL < 200 mg dL

 

−

 

1

 

) within 2 days

post-transplant. Nephrectomies performed at the vari-

ous time points resulted in the recurrence of diabetes

in the following 24–48 h (Fig. 1a).

When transplanted islets were stimulated by glucose

injection an abnormal response was observed in the

immediate post-transplant period (2 and 4 days)

(Fig. 1b, Table 2). Improved functionality in response to

glucose challenge was observed over follow-up time.

 

Day 2

 

In the 2 days following transplantation under the

kidney capsule, the graft appeared as an isolated mass

Table 1 Assessment of isolated mouse pancreatic islets

Isolation 
no.

Islet 
no.* IEq†

Purity 
(%)‡

Viability 
(%)§ Function¶

1 3800 4780 85 89 8/8
2 4600 5400 75 92 9/9
3 4750 5480 80 96 9/9
4 3990 4810 85 95 8/8

*Number of islets counted on dithizone-stained fresh samples.
†Number of islets counted on dithizone-stained fresh samples 
with regard to diameter (50–100, 100–150, 150–200, 200–250 µm) 
and averaged to a diameter of 150 µm.
‡Dithizone-stained vs. unstained tissue.
§By trypan blue dye exclusion.
¶In vivo reversibility of chemically induced diabetes (in mice) by 
transplantation of ∼600 IEq, under the kidney capsule.
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of islets and fragments of endocrine tissue dispersed

into a largely oedematous and sometimes haemor-

rhagic connective tissue. Degenerated exocrine tissue,

mostly consisting of small ducts, lymphatic and soft

tissue elements, was often present (Fig. 2).

The islets appeared in round or oval shapes some-

times showing irregular outlines lacking the capsule.

The inner part of the largest islets appeared as an

indistinct mass of necrotic tissue surrounded by

apparently preserved cells (Fig. 2). Signs of necrosis were

generally not evident in smaller or fragmented islets.

B cells appeared pale under immunoperoxidase

staining for insulin; occasionally, many small granules

were dispersed into the connective tissue. A and D cells

formed an incomplete layer around the B-cell core and

appear normally stained.

 

Day 4

 

Oedema of the soft tissue was already present. The

necrotic zones inside and outside the islets were often

infiltrated by white blood cells and fibroblasts, and

initial fibrosis and signs of vascular proliferation were

observed into the necrotic core of some islets. The

residual islets tended to fuse, forming clusters of endo-

crine tissue.

The peripheral cells at the surface of the islets, or of

the islet fragments, tended to arrange along the vessels,

Fig. 1 In vivo functionality of transplanted pancreatic islets. (a) Blood glucose level determined before the injection of 
streptozotocin (STZ), just before the transplant (day 0) and in the post-transplant follow-up. Note the induction of diabetes, 
the stable normalization of glycaemia approximately 3 days after the transplant, and the re-induction of diabetes after the 
nephrectomy (⇑). (b) Intraperitoneal glucose tolerance tests (IPGTTs) performed on six animals for each time point (see also 
Table 2). After the intraperitoneal injection of glucose, blood glucose levels were measured at 15, 30, 45, 60, 90 and 120 min. 
An abnormal response was observed in the immediate post-transplant period (2 and 4 days). Animals at 21 days after the 
transplant showed the best response with lower levels of glycaemia at 45 min post-glucose infusion and normal levels after 
120 min, while at 7 and 14 days an intermediate response to the test was observed.

Table 2 Results of the IPGTTs for each time point post-transplant

Time 0 15 min 30 min 45 min 60 min 90 min 120 min

Day 2 post Tx 126.2 ± 19.9 234.5 ± 31.9 356.0 ± 64.6 399.5 ± 34.5 354.7 ± 35.9 323.7 ± 44.7 267.0 ± 17.3
Day 4 post Tx 138.0 ± 50.6 287.1 ± 52.5 318.0 ± 18.5 255.2 ± 30.2 232.5 ± 26.7 208.2 ± 28.7 199.7 ± 45.3
Day 7 post Tx 124.2 ± 16.7 283.0 ± 29.1 322.1 ± 33.2 285.5 ± 48.2 231.0 ± 30.1 206.5 ± 35.4 145.2 ± 28.8
Day 14 post Tx 113.5 ± 12.8 276.2 ± 26.3 352.7 ± 32.9 257.5 ± 43.5 227.2 ± 43.6 158.0 ± 39.7† 112.3 ± 14.1*
Day 21 post Tx 102.5 ± 26.9 245.2 ± 35.2 358.7 ± 49.1 190.5 ± 38.2‡ 157.2 ± 22.9‡ 128.7 ± 12.7* 106.0 ± 23.2*

†P < 0.05 vs. day 2, 4 and 7 post-transplant.
*P < 0.01 vs. day 2, 4 and 7 post-transplant.
‡P < 0.01 vs. day 2, 4, 7 and 14 post-transplant.
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and initial angiogenesis and vascular proliferation were

detectable (Fig. 3).

As a consequence of the necrosis in the core, the

distribution of peripheral cells along the vessels, and

the reaggregation of the residual endocrine tissue, the

islets assumed odd shapes not seen in native islets (Fig. 4).

Immunohistochemistry revealed that the peripheral

crown of A and D cells was largely incomplete and

irregular in thickness. In contrast to intact islets, many

B cells were usually present in the most peripheral layer

of the islets.

 

Day 7

 

Oedema and vessel congestion were markedly reduced

and the soft tissue appeared quite normal. The endo-

crine tissue formed large clusters of islets included

between the renal parenchyma and the fibrous

capsule. Thin fibrous septa accompanied by small

vessels divided the parenchyma of the re-aggregated

endocrine tissue, and collagen fibres tended to form

a new thin connective capsule. Fibroblasts scattered

around the islets were actively synthesizing matrix

components and collagen fibres (Fig. 5).

Blood vessels of the host were located at the periphery

of the endocrine parenchyma. Arising from these

vessels, many new small vessels were growing, progres-

sively penetrating into the islets (Fig. 6), and showing

positive vWF immunostaining. TEM observation

confirmed the presence of endothelial cells, lacking a

basal lamina, proliferating inside the islet parenchyma.

They formed sprouts typical of angiogenesis without

defining a capillary lumen (Fig. 7). In addition to

capillary sprouts, a variable number of vessels, able to

support blood flow, were located within the peripheral

cells and into the core of the islets. Endothelial cells

presented a variable mass of cytoplasm, showing

irregular thickness, large nuclei, mitochondria and packed

rough endoplasmic reticulum (Fig. 8). The capillary wall

often showed an extremely attenuated thickness, with

a basal lamina supported by sparse collagen fibres.

The thinnest portions of the plasmatic membrane

presented fenestrations or pores where the endothelial

cell interfaced with endocrine cells (Fig. 9). Scattered

along the outside of capillaries were some pericytes

and fibroblasts.

Immunoperoxidase staining for glucagon and soma-

tostatin showed a distribution of cells often different

from that of intact islets because A and D cells were

Fig. 2 Graft at day 2 post-transplant. A large, marginally 
located islet shows a necrotic core (*). Soft tissue appears 
largely oedematous, with infiltration of blood cells and 
congestion of blood (arrow) and lymphatic vessels. Fragments 
of islets and residual exocrine tissue are also present. 
Haematoxylin and eosin stain, 125×, scale bar = 200 µm.
Fig. 3 Fragment of islet at day 4 post-transplant. These cells 
are disposed in a single or double layer close to pre-existing 
blood vessels (arrowhead) from which vascular proliferation is 
also visible (arrow). Semithin section, methylene blue stain, 
400×, scale bar = 50 µm.
Fig. 4 Graft at day 4 post-transplant. Transplanted islets 
showing irregular shape tend to aggregate forming clusters. 
Necrotic zones inside the connective tissue of the kidney 
capsule are almost completely repaired by macrophagic cells 
and proliferating fibroblasts. Some residual exocrine ducts are 
also present. Immunoperoxidase stain for insulin, 80×, scale 
bar = 260 µm.
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present inside the islet mass, often surrounded by B

cells (Fig. 10).

 

Days 13–14

 

Signs of the remodelling process were no longer

present at this time point. Peculiar structures formed

by endocrine cells distributed around capillary vessels

were easily recognized, and these resembled the cell

cords that constitute the morpho-functional unit inside

the pancreatic islet (Fig. 11). The vessels located inside

the islets showed positive vWF immunostaining, and

poorer staining performances with CD31. Angiogenesis

was rarely detectable via TEM observation, and a

Fig. 5 Periphery of an islet at day 7 post-transplant. Long and slender processes of fibroblasts (arrow) secreting collagen fibrils 
(arrowheads) surround the islet and a vessel of the kidney capsule. TEM, scale bar = 2.5 µm.
Fig. 6 Islet at day 7 post-transplant. Arising from the vessels running along the outer surface of this large islet, many new vessels 
(arrows) are growing and penetrating from all directions towards the inner part of the endocrine parenchyma. Some vessels, lined 
by endothelial cells, are also visible in the islet parenchyma (arrowheads). Semithin section, methylene blue stain, 200×, scale 
bar = 100 µm.
Fig. 7 Angiogenesis at day 7 post-transplant. Two proliferating endothelial cells assume a sprout feature penetrating between 
B cells. They do not present a basal lamina and their processes are encircling a lumen that appears as a thin cleft between the 
two cells. TEM, scale bar = 3 µm.
Fig. 8 Capillary from the core of an islet at day 7 post-transplant. This capillary is lined by a single endothelial cell containing 
cytoplasm. A basal lamina surrounds the capillary; a perivascular cell (p) is also visible. TEM, scale bar = 2.5 µm.
Fig. 9 Detail of fenestrations (arrowheads) closed by a very thin diaphragm in the thinner part of the capillary wall. TEM, scale 
bar = 1 µm.
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variable number of capillaries were clearly visible inside

the graft. Endothelial cells generally encircled a well-

defined lumen with fenestrations towards the adjacent

endocrine cells. The inner capillaries originated from

the vessels running around the periphery of the islet.

The outer vessels were connected to both the capsule

and the cortical vascular network of the kidney

(Fig. 11), so that the resulting blood flow of a single

engrafted cluster of islets was supplied by different

microvascular districts.

Immunohistochemistry did not show differences in

the percentage number and the distribution of the

different cell types with respect to the previous time

points (Table 3).

 

Day 21

 

No substantial changes were observed as compared

with days 13–14.

 

In situ

 

 islets

 

In situ

 

 islets were round or oval, had variable dimen-

sions and consistently exhibited a very thin connective

capsule that divided endocrine cells from exocrine

tissue. A and D cells were scattered in the periphery of

Fig. 10 Consecutive sections of islets re-aggregated in a 
cluster. A large number of cells show positive staining for 
insulin (a). Also, the peripheral layer of the cluster is largely 
represented by B cells. Some glucagon-stained A cells are 
singly scattered peripherally and also in the inner part of 
the cluster (b). Immunoperoxidase stain for (a) insulin, 
(b) glucagon, 200×, scale bar = 150 µm.

Table 3 Percentage number of the various endocrine cell types present in transplanted islets (Tx) at different time points 
compared with in situ intact islets

In situ Isolated islets day 2 post Tx day 4 post Tx day 7 post Tx day 14 post Tx day 21 post Tx

A cells 24.45 ± 3.12* 9.85 ± 4.63** 10.92 ± 6.32** 15.14 ± 7.91 13.02 ± 5.58 13.57 ± 6.97 13.81 ± 3.94
B cells 71.08 ± 3.06* 87.03 ± 7.24** 86.16 ± 6.41** 81.60 ± 8.22 84.39 ± 5.80 83.35 ± 7.38 83.84 ± 3.63
D cells 4.46 ± 1.37† 3.12 ± 1.38 2.92 ± 1.17 3.26 ± 1.32 2.58 ± 1.28 3.08 ± 1.41 2.35 ± 1.15

*P < 0.001 vs. isolated and transplanted islets.
†P < 0.01 vs. isolated and transplanted islets.
**P < 0.01 vs. transplanted islets at day 4.

Fig. 11 Microvascular network of an islet at day 14 post-
transplant. The endocrine cells form cordonal-like structures 
disposed radially around capillaries (*) located inside the islet 
parenchyma, in most of the cases completely surrounded by 
endocrine cells. The vessels supplying this islet arise from host 
vessels located at the periphery of the islet. They are connected 
to the microvascular network of both the renal parenchyma 
(arrowheads) and the capsular district (arrows). Semithin 
section, methylene blue stain, 400×, scale bar = 100 µm.
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the islet, and the largest islets showed a complete

crown-like layer of 2–3 stratified cells, while the core of

the islets contained only B cells (Fig. 12).

BrdU staining

Beta cell proliferation was not detected within

engrafted pancreatic islets (Fig. 13). Proliferating beta

cells could only be detected during the last third of

pregnancy in both in situ pancreatic islets and trans-

planted islets, as expected (positive control).

Numerical analysis

The percentage number of the different cell types of

in situ islets and at different time points following

transplantation is given in Table 3. The percentage

number of A, B and D cells in both isolated and trans-

planted islets was significantly different from that of

in situ islets. In particular, owing to the isolation process,

a large percentage of the most peripheral cells (A and

D) was lost, while the highest percentage of B cells was

preserved. This condition persisted with slight changes

up to day 2 post-transplant. At day 4, the percentage of

B cells decreased, probably as a consequence of central

necrosis, and the percentage of A cells increased signif-

icantly. No significant differences in the percentage of

the different types of cells were found in the following

periods.

Discussion

As we have previously shown (Morini et al. 2006), isolated

pancreatic islets undergo structural and ultrastructural

Fig. 12 Consecutive sections of in situ islets. In (a) the insulin-
stained B cells occupy the core of the islet. They are 
surrounded by a nearly complete crown of unstained cells that 
are positive for glucagone, as shown in (b). 
Immunoperoxidase stain for (a) insulin, (b) glucagon, 200×, 
scale bar = 200 µm.

Fig. 13 BrdU incorporation for detection of proliferating islet 
cells. No evidence of proliferating cells within islets 
transplanted under the kidney capsule is detected (a). For 
comparison, proliferation (arrows) is clearly observed in native 
pancreatic islets of pregnant mice as positive control (b).
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changes, with complete loss of the microvascular

network. The latter condition made the early period

following transplantation critical for cell survival, until

the islets became vascularized by a newly formed

microvascular network arising from host vessels within

10–14 days (Vajcoczy et al. 1995; Menger et al. 2001).

However, the present study has shown that many

different phenomena occur before the engraftment

becomes stable.

During the initial phase following transplantation

some islets tended to fuse forming quite large clumps

(Davalli et al. 1996), with ‘contact’ between the most

peripheral cells and pre-existing vessels of the host.

These vessels appeared largely dilated and congested,

suggesting the presence of a possible inflammatory

condition, probably consequent to both the surgical

manipulation to introduce the islets under the kidney

capsule and the presence of exocrine tissue, which is

known to be less resistant to hypoxia, trauma and

nutritional deficiency (Heuser et al. 2000; Barshes et al.

2005).

As a consequence of the new situation, most peripheral

cells were able to survive because of their proximity to

vessels that allowed an adequate blood supply. How-

ever, necrosis observed in the core of the largest islets

was certainly due to hypoxia (Davalli et al. 1995, 1996)

and led to a loss of B cells. Reparative processes

supported the development of fibrous tissue, while

hypoxia induced the production of endothelial growth

factors (Vasir et al. 1998) and vascular proliferation

by angiogenesis (Zhang et al. 2004; Lai et al. 2005). Con-

nective tissue tended to surround the graft allowing

a stable contact with the host vessels, from which

capillaries penetrated inside the endocrine tissue. Finally,

after 2–3 weeks, there was no longer any morphological

evidence of vascular proliferation and remodelling of

the tissue, and the engraftment could be considered

to be stable.

Modifications of the islets after isolation and purifi-

cation from the pancreas have been demonstrated

(El-Naggar et al. 1993; Morini et al. 2001, 2006), mainly

characterized by fragmentation of some islets and a

prevalent loss of the most peripheral cells (A and D

cells), as revealed by numerical analysis. The present

observations have demonstrated that pancreatic islets

undergo substantial changes in the remodelling process

immediately post-transplant. In fact, partial necrosis

led to loss of islet mass, represented in particular by the

destruction of the inner B cells (Davalli et al. 1995), and

a consequent significant variation in the percentage of

the different cells types in the first few days has been

demonstrated. Apoptosis might account for a further

loss of cells (Davalli et al. 1996; Barshes et al. 2005).

These early phenomena were followed by a reaggre-

gation and remodelling of the endocrine tissue. After

a few days post-transplant, new vessels penetrated the

graft from outside, and blood began to flow into the

newly formed microvascular network. Vessels clearly

penetrated inside the graft from all directions (Kin et al.

2004). Our observations showed vessels connected with

both the capsular and the cortical circulation running

along the outer endocrine cells. The revascularization

process gave rise to a newly formed cordonal-like

structure which completed the reorganization of the

surviving endocrine tissue inside the islets.

Vajkoczy et al. (1995) described the first signs of ang-

iogenesis about 4 days after the transplant into special

skinfold chambers, and completed revascularization at

day 10, without further changes on day 14. However,

we found that angiogenesis, although becoming

rarer, is still present at day 14 post-transplant under

the kidney capsule; this observation agrees with data

on vascular rearrangement reported for a long time

after the transplant of fetal porcine islet-like clusters

(Korsgren et al. 1999). However, unlike Lukinius et al.

(1995), we never found microvessels lacking an endo-

thelial cell lining, and from our observations, revascu-

larization is always supported by endothelial cells

penetrating inside the transplanted islet from outside.

This was clearly demonstrated with immunostaining

and electron microscopy. Interestingly, endothelial

cells already show fenestrations at the interface with

endocrine cells at day 7. This feature, characteristic of

pancreatic endocrine capillaries, permits a very rapid

trans-endothelial diffusion, and supports the precocious

functionality of the graft.

From our observations, some differences were evident

by comparing graft with native islets. We have studied

A, B and D cells because they are known as metabolic

controllers of glycaemia, they represent the large

majority of the cells in pancreatic islets, and they show

a defined location in pancreatic islets in situ. Numerical

analysis demonstrated that the percentage number of

the different cells types in the transplant was different

from that of in situ islets. Although these data did not

change significantly after day 4, in transplanted islets

the percentage number of A and D cells was always sig-

nificantly less than in native islets, while the percentage
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number of B cells was always significantly higher.

The change in cell percentage could not be correlated

with any proliferative mechanism. As shown with the

BrdU incorporation data, cell proliferation could not be

detected in the post-transplant period. Furthermore,

in contrast to the observations on in situ islets, A and D

cells formed in the graft a largely incomplete crown

around the B-cell cores, and they were also frequently

found inside the endocrine tissue. Finally, the process

of graft revascularization indicates a final vascular

arrangement that is rather different from that of

native islets.

Thus, following the engraftment, the resulting endo-

crine tissue was quantitatively and qualitatively differ-

ent from the initial situation. As a consequence, some

conditions related to the cellular composition and to

the new microvascular organization affected the effi-

ciency of hormone release. In fact, interactions among

cells are known to be critical for a better regulation of

the secretory function (Halban et al. 1982; Pipeleers

et al. 1982; Hopcroft et al. 1985; Weir & Bonner-Weir,

1990). Direct cell–cell communication occurs through

gap junctions (Meda et al. 1983; Orci, 1982; Meda,

1996) and plays an important role in the regulation of

cell secretion (Halban et al. 1982; Hopcroft et al. 1985;

Weir et al. 1990) such that quantitative changes in the

percentage of the cellular population might lead to

alterations in the normal secretory function of B cells

(Trimble et al. 1982).

Moreover, the importance of the microvascular

organization, which permitted sequential perfusion of

the different cell types, has been recognized in the

functional regulation of in situ pancreatic islets (Samols

et al. 1988; Menger et al. 1994). This condition supports

both a paracrine action (Jörns et al. 1988; Schatz & Kullek,

1980) and an endocrine action through blood flow

inside pancreatic islets (Kawai et al. 1995) mediated

by the insular hormones.

The specific location of the different types of cells

within the islet has suggested that the pattern of blood

flow through the islet should have a major role in rela-

tion to the intercommunication between cells (Samols

et al. 1988; Weir et al. 1990; Liu et al. 1993; Menger et al.

1994). Therefore, the integrity of the microcirculatory

network and the orientation of blood flow were con-

sidered critical for a better regulation of the secretory

function (Menger et al. 1994; Stagner & Samols, 1994).

While the revascularization process was supported

by the primary necessity of supplying nutrients and

oxygen, and was demonstrated to be independent of

a particular endocrine-cell composition (Beger et al.

1998), it could presumably only partially reflect the

pattern of normal blood flow and sequential perfusion

through the islet. Although this concept required

support from experimental evidence, an alteration of

the normal cell–cell communications through blood

flow, with an effect on the most precise secretory

regulation, should be expected in transplanted islets

(Stagner & Samols, 1994; Shi & Täljedal, 1996). Func-

tional studies seem to confirm this reasoning. In fact,

modifications of the dynamics of insulin secretion in

both cultured (Pai et al. 1993) and transplanted

islets (Ricordi et al. 1992; Shi & Täljedal, 1996) have

been frequently reported, even in the presence of

adequate B-cell mass.

On the basis of our observations on the neo-

vascularization of engrafted islets, we can speculate

that there is some relationship with the functional data

collected in our model. A total of 600 IEq were trans-

planted in these animals and this is accepted as the crit-

ical mass able to reverse diabetes in a mouse model.

Although the reversal of diabetes was achieved around

the same time in all animals, without revealing any

difference in increased functionality in the immediate

post-transplant period, the glucose challenge test

demonstrated an improved metabolic control over time

post-transplant. Although other phenomena, such as

naturally occurring B-cell proliferation (Dor et al. 2004),

are responsible for the improved metabolic control

under challenge, improved vascularization could be

considered a key condition. This seems to be supported

by the evidence that functionality appeared improved

up to 14 days post-engraftment, when vascularization

is still active, and then stabilized and maintained a

reasonable glycaemic control over time.

In conclusion, our observations have demonstrated

that transplanted islets undergo deep remodelling

of their structure due to an interaction with the host

and the development of a new microvascular network

within the endocrine tissue. After several days, the

grafts were revascularized and the capillaries had

the characteristic features that facilitate the diffusion

of the endocrine secretion. However, the engrafted

endocrine tissue was substantially different from in situ

islets, and the structural changes could represent a

basis for the altered regulation of the secretory func-

tion reported in the literature, through imperfect

intercellular interactions.
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