
ARTICLE

Superior beta cell proliferation, function and gene expression
in a subpopulation of rat islets identified by high blood
perfusion

J. Lau & J. Svensson & L. Grapensparr & Å. Johansson &

P.-O. Carlsson

Received: 22 September 2011 /Accepted: 10 January 2012 /Published online: 5 February 2012
# Springer-Verlag 2012

Abstract
Aims/hypothesis The blood perfusion of individual pancre-
atic islets is highly variable, with a subgroup of islets having
high perfusion and blood vessels responsive to further blood
flow increase induced by glucose. This study tested the
hypothesis that there is heterogeneity between islets with
regard to beta cell proliferation, function and gene expres-
sion based on differences in their blood perfusion.
Methods Fluorescent microspheres were injected into the
ascending aorta, and then microsphere-containing and non-
microsphere-containing pancreatic islets were isolated for
investigation. By this procedure, the 5% of islets with the
greatest blood perfusion were identified for study. Islet
endothelial cells were isolated separately to investigate the
role of improved vascular support in the observed differences.
Results The vascular network was found to be more dense
and tortuous in microsphere-containing than other islets.
The most highly blood-perfused islets also had a higher rate
of beta cell proliferation, superior beta cell function and a
markedly different gene expression from other islets. Cultured
islets exposed to islet endothelial cell products had a similarly
increased beta cell proliferation rate, yet significantly fewer
changes in gene expression than observed in the most highly
blood-perfused islets.

Conclusions/interpretation A novel heterogeneity between
islets was observed, with superior beta cell proliferation,
function and gene expression in a subpopulation of islets
identified by high blood perfusion. In contrast with a previ-
ously described population of low-oxygenated, sleeping
islets, which are recruited into functionality when needed,
the presently described heterogeneity is shown to remain in
vitro after islet isolation.
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Abbreviations
CM Culture medium
ECCM Endothelium-conditioned culture medium
VEGF-A Vascular endothelial growth factor-A

Introduction

Pancreatic islets are richly vascularised [1, 2]. A pivotal role
of endothelial cell signalling in early embryonic develop-
ment of beta cells has been described [3], and endothelial
cells have also been shown to be important for postnatal
beta cell function and growth. Vascular basement proteins
such as laminins produced by the endothelial cells promote
insulin gene expression and beta cell proliferation and en-
hance glucose-stimulated insulin release [4, 5]. We also
recently showed that endothelial-derived thrombospondin-1
is important for beta cell differentiation and function [6].
Moreover, hepatocyte growth factor production can be in-
duced by vascular endothelial growth factor-A (VEGF-A)
and insulin in islet endothelial cells, further contributing to
beta cell proliferation during increased functional demand [7].
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These findings raise the possibility of potential differences in
endocrine function between subpopulations of pancreatic
islets based on their vascular support.

Interestingly, the degree of blood perfusion in different
islets seems to be highly variable. Although islets constitute
only 1–2% of the pancreatic volume, they receive 5–10% of
the whole pancreatic blood flow [8, 9]. However, when islet
blood flow is measured by microsphere techniques, a small
fraction of islets may contain several microspheres, whereas
~90% of the islets are totally devoid of microspheres, i.e. their
blood perfusion is below the detection limit [10]. Repeated
microsphere injections show that, primarily, islets containing
microspheres after the first injection also containmicrospheres
after repeated microsphere injections, indicating that the het-
erogeneity in blood perfusion remains constant over time [11].

Islet blood perfusion is normally tightly regulated at the
arteriolar level by nervous, endocrine and metabolic mech-
anisms [12, 13]. A dose- and time-dependent preferential
increase in blood flow is induced by glucose [13, 14]. This
suggests that appropriate blood perfusion is essential for
islet metabolism and insulin secretion. However, adminis-
tration of glucose only seems to increase the blood perfusion
of those islets that have the highest blood perfusion [10, 11].
It is not known whether any functional differences exist
between these highly blood-perfused islets and other islets.

The present study tested the hypothesis that highly blood-
perfused islets constitute a subgroup with better vascular
support of beta cell function and growth. We used fluores-
cent microspheres to identify highly blood-perfused islets,
followed by separate isolation of microsphere-containing
and non-microsphere-containing islets for investigation.

Methods

Experimental animals Male Wistar–Furth rats 10–12 weeks
of age were purchased from Scanbur, Sollentuna, Sweden.
All experimental procedures were approved by the Animal
Ethics Committee of Uppsala University, and followed
Principles of Laboratory Animal Care (NIH publication
no. 85–23, revised 1985).

Chemicals All chemicals were purchased from Sigma-
Aldrich (St Louis, MO, USA) unless otherwise mentioned.

Islet blood flow Blood flow measurements in Wistar–Furth
rats were performed 10 min after injection of 1 ml 30%
(wt/vol.) D-glucose as previously described [15], except for
the use of green fluorescent microspheres (10 μm; E-Z Trac;
IMT, Irvine, CA, USA).

Islet isolation Islets were isolated by collagenase digestion
[16] and hand picked. They were then dichotomously sorted

under a fluorescence microscope by the presence or absence
of microspheres. Each experiment was in most cases based
on material from one animal. However, the number of
islets containing microspheres was too low in some animals to
perform a particular assay, and in these cases both
microsphere-containing islets and control islets were pooled
from two or more animals. The number of control islets from
each animal in the experiment was therefore proportional to
the fraction of microsphere-containing islets from each
animal.

Islet size Microsphere-containing and non-microsphere-
containing islets were harvested separately and homoge-
nised in groups of 10. Aliquots of the aqueous homogenate
were used for DNA measurements by fluorophotometry
(PicoGreen dsDNA Quantitation kit; Molecular Probes,
Eugene, OR, USA).

Endocrine cell composition Islets containing or not contain-
ing microspheres were separately fixed in paraformalde-
hyde, embedded in paraffin, cut into 5 μm-thick sections
and stained with primary antibodies against insulin (1:400
dilution; polyclonal guinea pig serum; Fitzgerald, Concord,
MA, USA) or glucagon (1:1,000 dilution; mouse monoclonal;
Abcam, Cambridge, UK). Sections were counterstained with
haematoxylin. They were then examined by a point-counting
method [17], where the number of intersections overlapping
insulin- and glucagon-positive cells were counted by light
microscopy. The relative insulin- and glucagon-positive cell
areas in islets containing or not containing microspheres from
each animal were calculated.

Islet vascular density To visualise the islet blood vessels
with a multiphoton microscope, we used isolectin IB4 from
Bandeiraea simplicifolia conjugated to Alexa Fluor 568 dye
(Molecular Probes). The isolectin was administered 5 min
before glucose and subsequent fluorescent microsphere injec-
tions. Islets containing or not containing microspheres
were separately fixed in paraformaldehyde, embedded
in 1% (wt/vol.) agarose and then scanned with a two-photon
microscope (Zeiss LSM710 NLO). The objective used for
imaging was the Zeiss W Plan-Apochromat 20×/1.0 DICM27
75 mm. Isolectin was excited with a MaiTai laser at 780 nm
and 7.5% using MBS 760. Emission light was collected by
NDD-R using long-pass filter LP555 in combination with
band-pass filter BP565-610. The scanned images were
analysed with IMARIS7.1.1 (Bitplane Scientific Software,
South Windsor, CT, USA).

Isolation and culture of islet endothelial cells Outgrowth of
mesenchymal cells from islets was stimulated as described
previously [7]. Cells were detached with 0.25% (wt/vol.)
trypsin/EDTA solution at 37°C. Endothelial cells were
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extracted from the resultant cell suspension by a Dyna-
bead method [18] and separated from contaminating
cells by the use of Bandeiraea simplicifolia-coated Dyna-
beads, achieving a purity of >90% [7, 19]. Detailed character-
isation of the endothelial cells has been described previously
[5, 19].

Generation of islet endothelial cell culture medium Dynabead-
purified endothelial cells were cultured for 2 days in
endothelial cell culture medium (CM) (RPMI 1640 medium
with 11.1 mmol/l glucose, and supplemented with 20%
[vol./vol.] fetal calf serum, 100 μg endothelial cell
growth supplement and 2 mmol/l L-glutamine). The
wells were washed with standard islet CM (RPMI 1640 me-
dium with 11.1 mmol/l glucose, and supplemented with
10% [vol./vol.] fetal calf serum and 2 mmol/l L-glutamine) to
remove all endothelial cell CM, and fresh CMwas then added
to the wells. The medium was collected 24 h later and
centrifuged for 2 min at 600 g to remove cells. The
endothelium-conditioned CM (ECCM) was then stored at
−70°C.

Beta cell proliferation Freshly isolated islets containing
or not containing microspheres, fixed in paraformalde-
hyde, embedded in paraffin, sectioned and stained for insulin
as described above, were also stained for the proliferation-
associated protein, Ki67 (1:200 dilution; mouse monoclonal;
Dako, Glostrup, Denmark), and counterstained with haema-
toxylin. Other islets were isolated from non-microsphere-
injected rats and cultured for 7 days, to deplete endogenous
blood vessels [20], before exposure for 24 h to ECCM or CM.
Ki67-labelled beta cells were counted and expressed as a
percentage of the total number of investigated beta cells. In
the same sections, all other islet cells (cells negative for
insulin) were also investigated for the percentage positive
for Ki-67. From each group of islets (microsphere- or non-
microsphere-containing, ECCM- or CM-exposed), a mean
number of ~2,600 beta cells and ~1,800 other islet cells was
investigated per animal.

Glucose-stimulated insulin release Groups of 10 freshly
isolated islets divided into those containing or not contain-
ing microspheres were investigated for capacity to release
insulin at low (1.67 mmol/l) and high (16.7 mmol/l) glucose
concentrations [5]. Insulin content of incubation media and
homogenates was determined with a rat insulin ELISA kit
(Mercodia, Uppsala, Sweden).

(Pro)insulin biosynthesis Duplicate groups of 10 freshly
isolated islets containing microspheres were compared with
those devoid of microspheres with regard to (pro)insulin and
total protein biosynthesis. Assays were performed as de-
scribed previously [16].

Glucose oxidation Duplicate groups of 10 freshly isolat-
ed islets, divided into those containing or not containing
microspheres, were analysed for glucose oxidation rates
[21].

Islet gene expression Total RNA was isolated from freshly
isolated microsphere-containing islets and non-microsphere-
containing islets with RNeasy Micro kit (Qiagen, Hilden,
Germany). Quadruple samples comprising 10–12 islets from
each of these two groups in Wistar–Furth rats were analysed
for gene expression, with mean values for microsphere-
containing and non-microsphere-containing islets in each
experiment calculated and used in the statistical analy-
sis. One or two animals were needed to obtain enough
microsphere-containing islets for an experiment. If islets
were obtained from two animals, the islets from each
animal were randomly assorted to the four groups of
10–12 islets in an experiment. We then performed the
number of experiments stated in the Results section and
Table 1 with different quadruple samples. Similarly,
total RNA was isolated from islets cultured for 7 days,
followed by exposure for 24 h to ECCM or CM. All of
the samples were treated with RNase-free DNase (Qiagen).
Conversion of RNA into complementary DNAwas performed
with the QuantiTect Reverse Transcription Kit (Qiagen).
Custom-made TaqMan Array Micro Fluidic Cards with
Applied Biosystems 7900HT Fast Real Time PCR system
(Foster City, CA, USA) were used to profile gene expression
through the comparative Ct method of relative quantification,
with investigated genes (see electronic supplementary material
[ESM] Table 1) analysed according to the manufacturer’s
instructions and 18S rRNA as housekeeping gene.

Statistical analysis All values are given as means±SEM.
Student’s unpaired or paired t tests were used for compar-
isons of two groups of parametric data, whereas the Mann–
Whitney rank sum test or Wilcoxon signed rank test was
used for non-parametric data.

Results

Investigated animals (n021) had a mean arterial blood pres-
sure of 111±3 mmHg and blood glucose concentration of
15.3±1.1 mmol/l at the time of microsphere injection
10 min after glucose administration.

Identification and microsphere content of isolated
islets Analysis of reference blood samples showed a mean
value of 847±46 microspheres/ml arterial blood, i.e. each
microsphere was found to indicate 1.2±0.2 μl blood. Ap-
proximately 500 islets could be isolated from each of these
animals, and 19±2 retrieved islets in each animal contained
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microspheres, i.e. had a detectable blood perfusion ≥1.2±
0.2 μl/min (Fig. 1a).

Islet size and endocrine cell composition Microsphere-
containing islets were of mixed size, and the DNA content
of microsphere- and non-microsphere-containing islets was
similar (163±20 [n06] vs 162±18 ng DNA/10 islets [n06],
respectively) indicating islets of equal size distribution in the
two groups. The relative area of beta and alpha cells was
similar in microsphere- and non-microsphere-containing islets
(Fig. 1b,c).

Islet vascular density Microsphere-containing islets had
more blood vessels than non-microsphere-containing islets
(Fig. 1d–f). Moreover, capillaries in microsphere-containing
islets were more tortuous and wider than in non-microsphere-
containing islets (Fig. 1g).

Beta cell proliferation There was a higher rate of beta cell
proliferation in highly blood-perfused islets, as identified by
microspheres, compared with other islets (Fig. 2a).

Similarly, other islet cells also had a higher proliferation
rate in microsphere-containing islets (0.5±0.1 vs 1.4±0.2%
Ki67-positive cells in non-microsphere- and microsphere-
containing islets, respectively; eight experiments in both
groups). In separate experiments, exposure of cultured islets
to islet endothelial cell products (ECCM) was found to in-
crease beta cell proliferation in exposed islets compared with
control islets (Fig. 2b), whereas the proliferation of other islet
cells did not differ (0.7±0.3 vs 1.0±0.3% Ki67-positive cells
in CM- and ECCM-exposed islets, respectively; seven experi-
ments in both groups).

Islet function Highly blood-perfused islets showed in-
creased glucose-stimulated insulin release, whereas there
was only a tendency to increase insulin secretion at low
glucose concentration (p00.06; Fig. 3a). Superior capacity
to respond to an acute glucose load did not seem to reflect
differences in insulin production, since (pro)insulin biosyn-
thesis and insulin content were similar in the two groups of
islets (Fig. 3b,c). Moreover, leucine-dependent total protein
biosynthesis was similar in the two groups of islets (837±

Table 1 Differences in gene expression between non-microsphere- and microsphere-containing islets

Gene symbol Gene name Islets without microspheres 2�ΔCt
� �

Islets with microspheres 2�ΔCt
� �

Vegfa Vascular endothelial growth factor A 2.0×10−4±0.4×10−4 22.1×10−4±13.1×10−4*

Col4a1 Collagen, type IV, alpha 1 2.0×10−4±0.5×10−4 39.5×10−4±24.3×10−4*

Col4a3 Collagen, type IV, alpha 3 1.4×10−6±0.3×10−6 3.6×10−6±0.9×10−6*

Col4a4 Collagen, type IV, alpha 4 5.8×10−6±1.8×10−6 17.7×10−6±0.9×10−6*

Lamb2 Laminin, beta2 4.0×10−6±0.8×10−6 39.3×10−6±32.5×10−6*

Vtn Vitronectin 1.1×10−5±0.3×10−5 69.1×10−5±44.0×10−5*

Arntl Aryl hydrocarbon receptor nuclear
translocator-like

1.4×10−5±0.3×10−5 22.6×10−5±13.4×10−5*

Clock Clock homologue (mouse) 3.6×10−5±0.8×10−5 53.6×10−5±34.7×10−5*

Kcnj11 Potassium inwardly rectifying channel,
subfamily J, member 11

2.1×10−4±0.5×10−4 80.5×10−4±51.1×10−4*

Grx-1 Glutaredoxin 1 1.5×10−4±0.4×10−4 56.9×10−4±35.8×10−4*

Gpr40 (Ffar1) Free fatty acid receptor 1 7.7×10−5±1.8×10−5 68.2×10−5±43.6×10−5*

Isl1 ISL LIM homeobox 1 3.1×10−5±0.7×10−5 43.1×10−5±25.9×10−5*

Maf v-Maf musculoaponeurotic fibrosarcoma
oncogene homologue (avian)

9.7×10−7±1.8×10−7 216.0×10−7±179.0×10−7*

Mafa v-Maf musculoaponeurotic fibrosarcoma
oncogene homologue A (avian)

1.8×10−5±0.3×10−5 8.3×10−5±4.8×10−5*

Mafb v-Maf musculoaponeurotic fibrosarcoma
oncogene homologue B (avian)

2.6×10−5±0.7×10−5 16.2×10−5±11.1×10−5*

Mafk v-Maf musculoaponeurotic fibrosarcoma
oncogene homologue K (avian)

3.1×10−5±0.5×10−5 21.1×10−5±11.4×10−5*

Nkx6-1 NK6 homeobox 1 1.5×10−4±0.5×10−4 12.3×10−4±6.8×10−4*

Pdx1 Pancreatic and duodenal homeobox 1 2.6×10−4±0.6×10−4 80.6×10−4±49.8×10−4*

Hk1 Hexokinase 1 7.4×10−6±1.8×10−6 68.0×10−6±39.4×10−6*

Efna5 Ephrin-A5 2.6×10−5±0.8×10−5 103.0×10−5±88.20×10−5*

Iapp Islet amyloid polypeptide 1.1×10−2±0.3×10−2 2.1×10−2±0.7×10−2*

All values are given as means±SEM from six to seven experiments in each group

*p<0.05 compared with non-microsphere-containing islets
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221 [n06] vs 1,021±289 [n06] for control and microsphere-
containing islets, respectively). Likewise, there did not seem
to be any differences in mitochondrial function as assessed
by a glucose oxidation rate assay (Fig. 3d). Gene arrays,
however, revealed the differences delineated below in the
expression of genes crucial for proper endocrine cell func-
tion between microsphere- and non-microsphere-containing
islets.

Islet gene expression As there were no differences in glu-
cose oxidation rates or (pro)insulin biosynthesis between the
two groups of islets, the insulin gene and genes associated
with mitochondrial function were not studied. Instead, we
focused on genes involved in insulin exocytosis and inter-
communication between cells and alpha cell and beta cell
differentiation, as well as possible causes and consequences
of improved vascularisation. Microsphere-containing islets

had higher mRNA levels of the angiogenic factor Vegfa
(Table 1). They showed higher mRNA levels for several
extracellular matrix components, the alpha1, alpha3 and
alpha4 chains of collagen type IV, the beta2 chain of laminin
and vitronectin (Table 1). Moreover, several transcription
factors important for beta cell function were expressed to a
greater extent in microsphere-containing islets, namely the
clock components Arntl (also known as Bmal1) and Clock
(Table 1). Other factors involved in insulin exocytosis, such
as Kcnj11, Grx-1 (also known as Glrx) and Gpr40 (also
known as Ffar1), were also increased in microsphere-
containing islets (Table 1). Moreover, the transcriptional
regulator Isl-1 and transcriptional factors c-Maf (also known
as Maf), Mafa, Mafb, Mafk, Nkx6-1 and Pdx1—of particular
importance for pancreatic embryonic development but also
adult beta or alpha cell function—were higher in microsphere-
containing islets (Table 1).

Fig. 1 Morphological characterisation of isolated microsphere- and
non-microsphere-containing islets. a Fluorescence combined with
bright field microscopic image of an islet containing microspheres.
Relative area of insulin-positive (b) and glucagon-positive (c) cells in
islets with or without microspheres. Multiphoton confocal images of
vascularity in an islet without microspheres (d) and an islet with
microspheres (microsphere not visualised using this filter; e) after
intravascular visualisation of blood vessels by IB4 isolectin.

Quantification of vascular density (f) and average vessel diameter (g)
in islets with or without microspheres. Scale bar is 50 μm in (a) and
60 μm in (d) and (e). All values are given as means±SEM from four to
seven animals in each group, where for each analysis a mean number
of 16.1±2.6 microsphere-containing or non-microsphere-containing
islets was investigated per animal. *p<0.05 compared with non-
microsphere-containing islets

Fig. 2 Expression of the proliferation marker Ki67 in beta cells of
highly blood-perfused islets as identified by microspheres when com-
pared with other islets (a), and in islets exposed to islet endothelial cell
products (ECCM) or CM (b). c Micrograph showing beta cell

proliferation (insulin, red; Ki67, brown) in one of the former islets.
Scale bar is 100 μm. All values are given as means±SEM from seven to
eight experiments in each group. *p<0.05 compared with non-
microsphere-containing islets and islets exposed to CM, respectively
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Expression of Glut-2 (also known as Slc2a2) or of the
gene encoding the main glycolytic enzyme, glucokinase,
was not increased in microsphere-containing islets (four
experiments), whereas hexokinase 1, normally present in
low amounts in islet cells, showed higher expression in
microsphere-containing islets (Table 1). Likewise, expres-
sion of the gene ephrin-A5—which is central to cell–cell
communication in islets—was upregulated in microsphere-
containing islets, as was Iapp (Table 1). Expression of the
other genes evaluated did not differ between microsphere-
containing and other islets (ESM Table 1).

In separate experiments, islets were exposed to islet endo-
thelial cell products (ECCM) to assess whether the observed
differences in gene expression between microsphere- and non-
microsphere-containing islets reflected differences in vascular
support. Few gene expression changes were, however, ob-
served in ECCM-exposed islets compared with control islets,
with only the genes encoding the beta2 chain of laminin,
c-MAF and ephrin-A5 similarly increased, paralleling
microsphere-containing islets (Table 2). Gene expression of
Gjd2 (also known asCx36) and the beta1 chain of laminin was
also altered in ECCM-exposed islets (Table 2). Expression of
the other genes evaluated did not differ (ESM Table 1).

Discussion

In this study, we characterised a subgroup of islets with
higher blood perfusion than other islets. Interestingly, these

highly blood-perfused islets had a higher rate of beta cell
proliferation, superior capacity to respond with insulin re-
lease to a glucose challenge and markedly different gene
expression compared with other islets.

In our analysis, ~5% of the isolated islets were found to
contain microspheres. As the microspheres disperse in the
circulation in proportion to the blood perfusion of different
tissues, the presence of microspheres in islets indicates an
average blood perfusion ≥1.2±0.2 μl/min after glucose ad-
ministration. However, by chance, islets with lower blood
perfusion may in rare cases also contain microspheres. Iso-
lation of microsphere-containing islets followed by three-
dimensional vascular reconstruction of consecutive sections
stained for endothelium showed that the vascular network
was more dense, with wider and more tortuous capillaries,
than in other islets. This indicates that their mean higher
blood perfusion reflects not only more blood vessels, but
also greater blood perfusion of the individual blood vessels.
In islets, VEGF-A constitutively secreted from beta cells has
been shown to be crucial for the early formation, branching
and maintenance of the vascular network [9, 22, 23]. VEGF-
A may, however, also directly increase the capillary diame-
ter through the VEGF2 receptor [24]. Interestingly, our gene
expression studies identified increased expression of Vegfa
in microsphere-containing islets, providing a likely mecha-
nism for their higher vascular density and increased capil-
lary width. Their greater blood perfusion and preferential
responsiveness with further increases in blood flow after a
glucose load may also reflect their higher functional activity.
Indeed, the glucose-dependent increase in blood flow of
islets has been shown to depend on vagal nervous signals
combined with generation of vasoactive metabolites, pre-
dominantly adenosine, in islet tissue exposed to a prolonged
metabolic demand [13]. It is likely that these islets generate
more adenosine as a result of increased beta cell functional
response to glucose.

We herein identify for the first time a subpopulation of
islets with a higher rate of beta cell proliferation than other
islets, namely the most highly blood-perfused islets. To
investigate the role of this greater vascular support, we
isolated islet endothelial cells and exposed cultured islets
to ECCM. Indeed, an increased rate of beta cell proliferation
was observed in such islets compared with control islets,
showing that islet endothelial paracrine factors can increase
beta cell proliferation. This suggests a contributing effect of
endothelial cell signals to a higher rate of beta cell prolifer-
ation in microsphere-containing islets. Previous studies have
shown that exposure of isolated murine islets to vascular
basement proteins, predominantly laminins, stimulates beta
cell proliferation [4]. Our gene expression analyses also
verified upregulation of several basement membrane pro-
teins in the islets with greater blood perfusion, which prob-
ably reflects their increased number of endothelial cells. The

Fig. 3 Beta cell function in highly blood-perfused microsphere-
containing islets compared with other islets. a Glucose-stimulated
insulin release (black bars, islets without microspheres; grey bars, islets
with microspheres); b (pro)insulin biosynthesis; c insulin content;
d capacity for glucose oxidation. All values are given as means±SEM
from five to six experiments in each group. *p<0.05 compared with
non-microsphere-containing islets
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beta2 chain of laminin has been shown to be prominent in
vascular basement membranes in human islets also [25].
Upregulation of the clock components Arntl and Clock in
higher blood-perfused islets may also contribute to their
higher rate of beta cell proliferation (compare with the study
of Marcheva et al. [26]), although these genes were not
upregulated in ECCM-exposed islets. Likewise, the tran-
scriptional regulator Isl-1 (upregulated in microsphere-
containing islets, but not in ECCM-exposed islets) has been
identified as crucial for sustained beta cell proliferation and
the prevention of apoptosis in postnatal beta cells [27]. It is
noteworthy that a difference from the studies of retrieved
microsphere-containing islets was that ECCM-exposed islets
needed to be precultured in order to deplete their endogenous
endothelial cells, which may have affected the responsiveness
of their gene expression.

Previous studies have described heterogeneities in func-
tion between individual beta cells [28, 29]. Our results
suggest this also to be the case for whole islets. Recently,
we showed that the 20–25% of islets with the lowest blood
perfusion normally have low oxygenation and constitute a
metabolically dormant subpopulation of islets, i.e. providing
a functional reserve of endocrine cells potentially activated
when needed [30]. That pancreatic islets in vivo can accu-
mulate the low oxygenation marker pimonidazole was also
recently shown in retrieved islets using western blot, al-
though this could not be corroborated in that study by
immunohistochemistry [31]. In this study, we identified
another subpopulation of islets, the 5% with the greatest
blood perfusion, which produce greater glucose-stimulated
insulin release than other islets although containing a similar
relative area of beta cells and amounts of insulin. However,
in contrast with the islets with lowest blood perfusion, they
have rates of (pro)insulin and total protein biosynthesis
similar to those of other islets. Moreover, their mitochondri-
al function, as assessed by measurement of rates of glucose
oxidation, is similar to that in other islets. Instead, a number
of differences in gene expression were observed, indicating
other mechanisms for the improved beta cell secretion ca-
pacity. The clock components Arntl and Clock showed, as
mentioned above, greater expression in the highly blood-
perfused islets. These components do not solely increase

beta cell growth; Arntl also augments insulin release in re-
sponse to glucose, KCl, exendin-4, forskolin and 8-bromo-
cAMP, indicating its importance for insulin exocytosis [26]. In
fact, pancreas-specific loss of Arntl causes chronic hypergly-
caemia [26]. Furthermore, Clock is necessary for beta cell
function, which is related to involvement in insulin exocytosis
[26]. Other genes involved in insulin exocytosis, Kcnj11 and
Grx-1, were also found to be upregulated in the islets with
higher blood perfusion. Variants of KcnJ11 encoding the
Kir 6.2 subunit of the ATP-sensitive potassium (KATP) channel
have previously been shown to be among the strongest pre-
dictors of type 2 diabetes development [32, 33], and hetero-
zygous mutations in this gene cause permanent neonatal
diabetes [34]. Grx-1 mediates NADPH-dependent stimulation
of calcium-dependent insulin secretion [35]. Gpr40 mediates
fatty acid potentiation of glucose-stimulated insulin secretion
[36] and can, when overexpressed, augment glucose-
stimulated insulin secretion [37], possibly by increasing intra-
cellular inositol phosphate levels [38]. Gpr40 was upregulated
in the more highly blood-perfused islets, potentially contribut-
ing to the superior function found in these islets.

Another group of genes found to be predominantly
expressed in the more highly blood-perfused islets were
those of disparate transcription factors, principally known
for their importance during pancreatic embryonic develop-
ment. Among these were: Isl1, a direct regulator of Mafa
transcription in beta cells [27]; Pdx1, also important for beta
cell-specific Mafa expression [39]; and Mafa, as well as the
other MAF transcription factors c-Maf, Mafb, Mafk and
Nkx6-1. Pdx1 is important for adult beta cells to maintain
phenotype and Pdx1+/− mice are glucose intolerant, suggest-
ing that gene dosage is critical for these cells [40]. Mafa
has previously been reported to be a key regulator of
glucose-stimulated insulin release from adult islet beta cells
[41], although a decrease in beta cell mass and glucose
toxicity to the cells may contribute to the reported dysfunc-
tion in diabetic animals. Moreover, Mafa is important for
neonatal rat beta cells to acquire glucose-responsive insulin
secretion [42], whereas Mafk acts to antagonise the function
of Mafa [43]. Mafb and c-Maf are not expressed in adult
beta cells, being instead salient to adult islet alpha cell
function [44]. The Nkx6.1 homeodomain transcription factor

Table 2 Gene expression differ-
ences between islets exposed to
ECCM and control islets in CM

All values are given as
means±SEM from five
experiments in each group

*p<0.05 compared with control
islets (CM)

Gene
symbol

Gene name CM 2�ΔCt
� �

ECCM 2�ΔCt
� �

Efna5 Ephrin-A5 1.4×10−4±0.1×10−4 3.0×10−4±0.3×10−4*

Gjd2 Gap junction protein, delta 2 12.7×10−5±1.7×10−5 7.5×10−6±0.9×10−5*

Lamb1 Laminin, beta1 3.7×10−5±(0–5)×10−5 7.2×10−5±0.6×10−5*

Lamb2 Laminin, beta2 2.3×10−6±0.4×10−6 4.8×10−6±0.6×10−6*

Maf v-Maf musculoaponeurotic fibrosarcoma
oncogene homologue (avian)

3.3×10−6±0.7×10−6 8.2×10−6±1.0×10−6*
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has been shown to regulate glucose-stimulated insulin secre-
tion in adult islet beta cells, primarily by suppressing genes
impairing nutrient-stimulated insulin release [45].

Expression of glucokinase did not differ in the more
highly blood-perfused islets, although, quite surprisingly,
hexokinase was upregulated. Hexokinase is known to be
present in low amounts in pancreatic endocrine cells [46],
but, if upregulated, produces a leftward shift of the normal
concentration-dependent activation of glucose-induced insu-
lin release [47]. This could decrease the threshold for glucose-
induced insulin release or increase insulin secretion at basal
plasma glucose levels [48]. Such a tendency (p00.06) was
also observed for the more highly blood-perfused islets in the
present study. However, the increased expression of hexoki-
nase in the latter may also to some extent reflect the 50%
increase in their vascular density, i.e. the presence of more
endothelial cells.

Another interesting finding was the upregulation of the
gene for ephrin-A5 in the more highly blood-perfused islets.
Ephrin-A5 has previously been shown to underpin cell–cell
communication between beta cells in islets, and lack of this
ephrin results in decreased capacity for glucose-stimulated
insulin release while not affecting insulin production [49].
Interestingly, the islet hormone Iapp was expressed to a
higher extent in richly blood-perfused islets. Although the
importance of this remains obscure, it may indicate a pre-
disposition to amyloid formation in these highly functional
islets if not compensated via improved drainage resulting
from the high blood perfusion. Clinically, amyloid forma-
tion occurs unevenly between islets, with islets in peripheral
regions of the pancreas being more prone to developing
such deposits [50].

Using the model of ECCM exposure of cultured islets,
we have previously shown that endothelial-derived factors,
predominantly laminins, augment glucose-stimulated insu-
lin release [5]. The present study reveals that the intercom-
munication between endothelial cells and beta cells is more
extensive. This involves VEGF-A, which is more highly
produced in the beta cells of some islets, thereby inducing
a more abundant vascular network. These islets are highly
blood perfused, providing optimal oxygenation, glucose
sensing and disposal of secreted islet hormones. Islet endo-
thelial paracrine signalling, as assessed by exposure of islets
to ECCM, also directly supports the endocrine cells and
induces changes in expression of the genes encoding the
beta1 and beta2 chains of laminin, in conjunction with c-
Maf, ephrin-A5 and Gjd2. However, most functional
changes in gene expression observed in microsphere-
containing islets were not induced by ECCM, which may
either reflect changed responsiveness of gene expression
due to the necessary culture or indicate that these changes
were inherent in this subgroup of islets. The induction of a

more abundant vascular network supported by VEGF-A
would then be part of this inherent capacity.

In conclusion, we herein report a novel heterogeneity
between islets with regard to beta cell proliferation, function
and gene expression. A subpopulation of islets with the
highest blood perfusion was studied and found to have a
higher rate of beta cell proliferation, as well as superior
function reflecting several differences in gene expression
compared with other islets. In contrast with the previously
described population of low-oxygenated, sleeping islets,
which are recruited into functionality when needed, the
presently described heterogeneity is shown to remain
in vitro after islet isolation.
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