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Abstract
Neonatal rats undergo considerable b-cell regeneration after depletion with streptozotocin (STZ). Since the intraislet vasculature is

necessary for bothb-cell growth and function, we examined changes in vascular morphology following STZ. Neonatal Wistar rats (4

days) were injected with 70 mg/kg STZ, or buffer, and were examined between days 4 and 40 postinjection. Animals receiving STZ

were relatively hyperglycemic for eight days, but became normoglycemic subsequent to a partial recovery ofb-cell mass. However,

glucose tolerance remained impaired. The intraislet area occupied by capillaries was significantly reduced by approximately 20%

following STZ, mainly within the b-cell-rich islet core, but had recovered by day 40. Vascular endothelial growth factor (VEGF) was

localized to b-cells, and pancreatic VEGF mRNA levels in control animals showed a progressive increase between days 4 and 20.

This rise was delayed following STZ, but by day 20 VEGF mRNA abundance exceeded that in control pancreas. Hepatocyte growth

factor (HGF) was localized to intraislet endothelial cells. Levels of HGF mRNA increased until day 16 in control rats, but

subsequently declined to low levels. Following STZ, HGF mRNA had declined prematurely after day 12. Type IV collagen was

localized to the extracellular matrix around the intraislet vasculature. The islet area immunopositive for collagen was

significantly reduced at all times following STZ. Results indicate that there is a relative loss of intraislet vasculature following

STZ, which may limit subsequent b-cell regeneration through both local growth factor and extracellular matrix interactions.
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Introduction

The extensive vascular architecture of the islet is important
for optimal b-cell function and the export of insulin.
However, the intimate relationship between the b-cell and
neighboring endothelial cells (ECs) dates back to embryonic
and fetal development, where the appearance of endocrine
tissue within the pancreas occurs concurrently with micro-
vessel development.1 Juxta positioning of the developing
vasculature and primitive gut endoderm at E8.5–E10.5 in
the mouse embryo causes the appearance of the pancreatic
buds that will ultimately form the head and tail of the pan-
creas, and the expression of pancreatic and duodenal
homeobox 1 in the endoderm, a transcription factor necess-
ary for pancreatic endocrine cell lineage commitment.2

The intimate interdependence between vasculature and
b-cells extends into postnatal life where ECs forming the

rich microvasculature within the islets are uniquely
adapted to maintaining both growth and function of the
b-cells.3 The islet ECs are highly fenestrated allowing for
rapid export of insulin, while phage display showed that
more than 80% of the cell membrane receptors present dif-
fered from those present on ECs from pancreatic exocrine
tissue.4,5 Intraislet vessels provide a basement membrane
for b-cells that is rich in laminin and type IV collagen,
and ECs have been demonstrated to promote b-cell prolifer-
ation and function via the release of soluble growth factors,
such as hepatocyte growth factor (HGF), and integrin
signalling across the shared basement membrane.6 – 10

A reciprocal signalling from the b-cell to promote EC
proliferation is achieved through the secretion of vascular
endothelial growth factor (VEGF) and insulin, the former
being responsible for the high degree of capillary fenestra-
tion seen in the islets.6,11
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Regeneration of b-cell mass following chemical or surgi-
cal ablation has been widely studied in rodent models. In
rats, extensive remodelling of islets occurs in the neonatal
period involving b-cell turnover and the generation of
new islets by neogenesis.12 Administration of streptozotocin
(STZ) to the neonatal rat results in rapid b-cell loss, but
animals can rapidly regain glycemic control and b-cell
mass will largely recover over several weeks.13 – 17

Approximately 50–60% of the b-cell regeneration is
derived by replication of remaining b-cells and the
balance is most probably contributed by neogenesis of
new islets from the pancreatic dusts. The immediate stimu-
lus to enhance b-cell proliferation following STZ-induced
loss is unclear, as is the involvement of the islet vasculature.
Bone marrow-derived endothelial precursor cells can
infiltrate the STZ-damaged islets and can induce b-cell
regeneration.18 This does not involve a widespread
transdifferentiation into a b-cell phenotype, but is associated
with the differentiation of endocrine precursor cells into ECs
that can incorporate into islet capillaries.19,20 The vasculo-
genesis may then induce proliferation in adjacent b-cells
through paracrine signalling.

The hypothesis underlying this study was that anatomical
and functional changes may occur within the islet microvas-
culature following administration of STZ to the neonatal rat
due to the loss of functional interaction with b-cells that
have been destroyed. We anticipated that any changes in
the islet microvasculature would subsequently be linked to
the capacity for b-cell regeneration.

Methods

Animals

Wistar rats (Charles River, St Constant, PQ, USA), weighing
between 200 and 250 g were acclimatized for a minimum of
five days, provided with a 12-h dark, 12-h light cycle and
access to water and standard rodent chow before mating.
The offspring were allowed to deliver naturally. On day 4
of neonatal life, rats were randomly allocated to one of
two groups: a control group that was given an intraperito-
neal bolus injection of vehicle consisting of 100 mL/g body-
weight, 0.1 mmol/L (pH 4.5) citrate buffer (vehicle) or a
b-cell-depleted group that was given an intraperitoneal
bolus injection of 70 mg/kg (body weight) STZ in vehicle.
Animals were killed on the fourth day postinjection by
decapitation, and then every fourth day thereafter until
days 20 and 40 by CO2 asphyxiation. Five or six pups,
each from a separate litter, were collected for study at
each time point. At sacrifice the body weight was recorded
and pancreata were collected immediately, weighed and
fixed for histology or preserved in RNAlaterw solution
(Applied Biosystems, Streetsville, ON, USA) and then
stored at 2808C for future RNA quantification.

To ensure that the STZ injection caused b-cell destruction,
glucose levels were measured in both control and
STZ-treated pups after a two-hour fast two days postinjec-
tion.13 The fasting blood glucose was also measured after
a four-hour fast prior to sacrifice at each time point
studied. One control and one STZ-treated animal from the

same litter were subjected to an intraperitoneal glucose tol-
erance test (IPGTT) for nine separate litters. The IPGTT was
performed on days 10 and 40 postinjection when a bolus of
intraperitoneal glucose (2 g/kg body weight) was given
after a five-hour fast. Blood was sampled from the tail
vein for up to two hours for glucose measurement. All pro-
cedures were performed with the approval of the ethics
committee of the University of Western Ontario, and in
accordance with the guidelines of the Canadian Council
on Animal Care.

Immunohistochemistry

Tissue was fixed in 10% buffered formalin (VWR Laboratories,
West Chester, PA, USA) (pH 7.4) for 24–36 h before embed-
ding in paraffin. Sequential sections of 5 mm were cut over
100 mm from the head region of the pancreas and were indivi-
dually mounted onto SuperFrost Plus glass slides (Fisher
Thermo Scientific, Nepean, Ontario, Canada). After omission
of the next 200 mm of each block, a further 50 mm were cut
at 5 mm and mounted. These sections were then stored at
room temperature until analysis.

Immunohistochemistry was performed to localize insulin,
proliferating cell nuclear antigen (PCNA) using guinea pig
anti-insulin (1:300 dilution, Abcam, Mississauga, Ontario,
Canada) and mouse anti-PCNA (1:100, Sigma-Aldrich, St
Louis, MO, USA), respectively. Islet blood vessels were visu-
alized using a biotinylated lectin from the bacteria Bandeiraea
simplicifolia lectin (BS-l) (1:30 dilution, Vector Laboratories,
Burlington, Ontario, Canada), a specific glycosylated
protein on rodent ECs.14,21,22 BS-l lectin is specific for ECs
and is not present on other islet cell types. Sections were
deparaffinized and blocked with 5% (v/v) goat and horse
serum for 30 min at room temperature. All antibodies were
diluted in antibody diluent (Dako, Mississauga, Ontario,
Canada). Slides were incubated with the primary antibody
for PCNA, or biotinylated BS-l, each for 24 h, in a humidified
chamber at 48C, and with the anti-insulin antibody for one
hour at room temperature. Biotinylated goat anti-guinea pig
and horse anti-mouse were used as secondary antibodies.
Signal amplification and visualization were accomplished
by incubation with either peroxidase-conjugated extravidin
labelling reagent (Sigma-Aldrich) and 3,30-diaminobenzidine
tetrahydrochloride (DAB) substrate pack (Biogenex,
Markham, Ontario, Canada), which yields a brown
(insulin) product, or an avidin–biotin complex solution
(Vectastain ABC Elite, Vector Laboratories) with visualization
using alkaline phosphatase, with red (BS-l) and blue (PCNA)
(alkaline phosphatase substrate kit III, Vector) reaction pro-
ducts as the chromogens. Sections were mounted under
glass cover slips with VectaMountw (Vector Laboratories).
Laminin co-localization was performed using the same
protocol described using rabbit anti-laminin antiserum
(1:50, Fisher Thermo Scientific) in place of the conjugated
BS-l. HGF and collagen type IV staining were performed
using a rabbit anti-HGF (1:30 dilution, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) or rabbit anti-collagen
(1:50 dilution, Abcam) as described above using DAB
substrate. A sequential section was used to stain for BS-l to
identify the islet cells involved with HGF production.
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For dual immunofluorescent localization of insulin and
VEGF, sections were deparaffinized and blocked as
described above. A mixture containing guinea pig anti-
insulin and rabbit anti-VEGF (1:50 dilution, Abcam) was
then added to the sections and incubated for one hour at
room temperature. After washing for 10 min in phosphate-
buffered saline (PBS), a mixture of secondary antibodies
was added consisting of goat anti-rabbit (Alexa Fluor 555,
1:200 dilution, Molecular Probes, Eugene, OR, USA) and
goat anti-guinea pig (Alexa Fluor 488, 1:200 dilution,
Molecular Probes) for 30 min. Nuclei were co-localized by
the staining of DNA with 406-diamidino-2 phenylindole
(Sigma-Aldrich). The sections were washed in PBS and
mounted using Vectashieldw mounting medium for fluor-
escence (Vector Laboratories).

Controls included omission of primary antisera, omission
of secondary antibody or absence of staining after preincu-
bation of the antiserum with excess antigen (insulin, HGF
and VEGF), as described previously.14

Morphometric analysis

Pancreata from at least five separate litters of rats were
examined using three representative sections of the head
of the pancreas, at each time point. Images were obtained
by light microscopy at magnifications of �200 or �400.
All analyses were performed using Northern Eclipse mor-
phometric analysis software (Empix Imaging, version 7.0,
Mississauga, Ontario, Canada) and verified by a ‘blinded’
observer. All islets above 500 mm2 area were analyzed and
counted in the entire section of pancreas excluding any
extraislet endocrine cells. To determine the size of an islet,
the surrounding basement membrane was traced. Islet
blood vessels were traced to include the lumen. The percen-
tage of islet area occupied by vessels, and the insulin-
positive cell area per mm2 were calculated for each group
between days 4 and 20, and at day 40. To estimate b-cell
mass, the total area occupied by insulin-immunoreactive
cells was calculated and expressed relative to the total sec-
tional area of pancreas. This was then expressed per mg
based on the total weight for that pancreas, as described
previously.23

The number of insulin-positive cells that also demon-
strated nuclear staining for PCNA was expressed as a per-
centage relative to the total number of insulin-positive
cells in the same section. These double-labelled cells were
then analyzed by relative location to islet vessels, adjacent
or non-adjacent. Islet blood vessels with ECs that also
showed nuclear staining for PCNA were expressed as a per-
centage of the total number of vessels in an islet. Analyses
were audited for bias by allocating a sample of the determi-
nations to a blinded observer.

RNA isolation and reverse transcription

Total RNA was isolated from whole pancreata and purified
following the RNeasy Plus Minikit (Qiagen, Mississauga,
Ontario, Canada) protocol before being re-suspended in
ultrapure distilled DNAse/RNAse-free water (Invitrogen
Canada, Burlington, Ontario, Canada). Each preparation

of RNA was assessed for degradation by separation on
1.5% denaturing agarose gel. Only if 18S and 28S ribosomal
RNA bands were clearly visible was the sample utilized
further. RNA concentrations and quality were determined
from spectrophotometric absorption at 260 nm, and the
ratio of absorbance at 260/280 nm was assessed to confirm
purity (ratios .1.9). Reverse transcription was performed
using Superscript II (Invitrogen) following the manufac-
turer’s instructions. Two micrograms of total RNA were
reversed transcribed in a total volume of 20 mL using
random hexomer primers (Invitrogen). For every reverse
transcription (RT) reaction set, one RNA sample was setup
without reverse transcriptase enzyme as a negative
control. Reactions were incubated at 258C for 10 min, 438C
for 90 min, 948C for four minutes and then maintained at
48C. After RT, samples were then diluted by addition of
ultrapure distilled DNAse/RNAse-free water.

Realtime quantitative polymerase chain reaction

Realtime quantitative polymerase chain reaction (PCR) was
performed using TaqMan probe technologies in an ABI
Prism 7900HT sequence detection system (Applied
Biosystems) to determine the relative abundance of
VEGF-A (Rn00582935_m1) and HGF (Rn00566673_m1)
using b-tubulin (Rn00597407_m1) as an endogenous
control. These primer–probe sets each spanned an intron
to achieve RNA specificity. PCR was run in triplicate
25 mL reactions that consisted of 7.25 mL of ultrapure
distilled DNAse/RNAse-free water, 12.5 mL TaqMan
Universal PCR MasterMix (Applied Biosystems), 1.25 mL
Assays-on-Demand Gene Expression Assay Mix and 4 mL
consisting of 100 ng cDNA. Two-step PCR cycling was
carried out as follows: one cycle of 508C for two minutes,
one cycle of 958C for 10 min and 45 cycles of 958C for 15 s
and 608C for one minute. A validation experiment was per-
formed on control tissue (day 4) to demonstrate that the effi-
ciencies of target and reference genes were approximately
equal. The log of input cDNA versus the comparative
threshold (CT) value was plotted to determine if the line
of best fit had an absolute slope ,0.1. Three or four
animals from separate litters were analyzed. The CT
method (DDCT) was used. The threshold cycle range for
VEGF mRNA was 22–28; that for HGF mRNA was 26–
33; and for b-tubulin was 20–27. A validation curve was
produced and the line of best fit was produced using
three DCT data points. The slope of the lines of best fit for
VEGF and HGF were 20.0694 and 20.056, respectively.

Statistical analysis

All values are presented as mean+ standard error of mean.
Statistical comparisons were performed using two-way
analysis of variance, with the Bonferroni’s post hoc test and
P , 0.05 was considered to be the minimum for statistical
significance. The areas under the curve (AUC) for glucose
tolerance tests were compared using an unpaired
Student’s t-test. All experimental times are given as days
following administration of STZ or buffer control.
Chronological age is four days greater.
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Results

Recovery of glycemic control and b-cell
mass following STZ

The fasting blood glucose for animals injected with STZ was
significantly increased (P , 0.05, n ¼ 12) two days postinjec-
tion and relative hyperglycemia was observed at days 4 and
8 in STZ-treated animals versus controls (Table 1).
Thereafter, control and STZ-treated rats had similar fasting
blood glucose levels. An IPGTT performed 10 days
post-STZ treatment (Figure 1a) showed that glucose toler-
ance was impaired compared with control animals, and
remained so after 40 days (Figure 1b). Animals followed
until adulthood at day 130 following STZ treatment still
showed a relative impairment of glucose tolerance. Four
days following administration of STZ, approximately 70%
of b-cell mass was lost compared with control animals,
but islet size and morphology with a central core of
insulin-immunoreactive b-cells had recovered after 40 days
(Figures 2a–d). When b-cell mass was quantified in pan-
creata following STZ treatment, this increased up to 40
days after the insult, but still represented only half the
b-cell mass found in control rats of equivalent age
(Figure 2e). The mean total number of islets per tissue
section was not altered following STZ (not shown). When
STZ-treated rats were observed as adults at 130 days,
b-cell mass was still relatively deficient.

Islet blood vessels

Islet blood vessels were visualized using the bacteria BS-l, as
shown on day 16 (Figures 3a and b) in pancreata from
control and STZ-treated animals. Insulin and PCNA, indica-
tive of cells undergoing DNA synthesis, were co-localized to
the same tissue sections. BS-l identified ECs within the islets
and acinar tissue, although acinar cells also showed weak
intracellular staining. Within the islets, proliferating
insulin-immunoreactive b-cells could also be identified.
Calculation of the percentage area of islets occupied by
capillaries (Figure 3c) showed that this was significantly
reduced in islets from STZ-treated rats compared with con-
trols between four and 16 days, and recovered at days 20
and 40. We also calculated the percent of islet capillaries

that were present within the core of each islet, defined as
the area of insulin-immunopositive b-cells. This remained
constant in control rats at 80–85% between days 4 and 40
(Table 2). However, following STZ treatment this was
reduced to less than 55%, and remained significantly
below values for control animals until day 20, before reco-
vering by day 40. It would appear that there is a relative
loss of intraislet capillaries from the b-cell-rich islet core fol-
lowing STZ. No changes were found in capillary density in
the exocrine tissue of the pancreas between control and
STZ-treated animals at any time point.

We examined the rate of b-cell proliferation at three time
points, days 12, 16 and 20, representing the time of com-
mencement of recovery of b-cell mass following STZ. The
percent of insulin-immunoreactive b-cells co-staining with
PCNA was consistently elevated after STZ treatment
(Figure 4a). The percentage of intraislet capillaries that
contained at least one PCNA-immunoreactive EC was sig-
nificantly higher on both days 16 and 20, when compared
with day 12, in both the control and STZ-treated rats
(Figure 4b). However, there was no difference between
control and STZ groups at any time point.

Table 1 Mean fasting blood glucose in control rats or those treated
with streptozotocin (STZ) between two and 40 days after treatment

Fasting blood glucose (mmol/L)

Day Control STZ

2 5.8+1.3 8.0+1.2�

4 5.8+0.7 8.3+1.2�

8 5.5+0.6 7.1+0.8�

10 5.6+0.5 6.5+0.8

12 5.5+0.8 6.2+1.2

16 5.8+0.7 6.3+1.2

20 5.8+0.9 5.7+1.2

40 6.2+0.9 6.1+1.4

Values show mean+SD
�P , 0.05 versus control (n ¼ 12 animals)

Figure 1 Glucose profile following an intraperitoneal glucose tolerance test

in control (solid line) or STZ-treated (broken line) animals 10 days (a) or 40

days (b) after STZ or saline treatment. Data are presented as mean+SEM.

STZ, streptozotocin; CNT, control
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Localization and expression of VEGF and HGF

Immunofluorescent co-staining for insulin and VEGF
within islets showed that approximately 90% of the
insulin-immunoreactive cells also contained VEGF in both
control and STZ-treated animals at all ages studied
(Figure 5a). No VEGF presence was seen in other islet
endocrine cell types, or in exocrine tissue. VEGF mRNA
expression within the whole pancreata were measured by
quantitative PCR between days 4 and 40, and expressed rela-
tive to that at day 4 (Figure 5b). In control animals VEGF
mRNA levels increased steadily between days 8 and 40. In
STZ-treated rats VEGF mRNA levels were significantly
reduced versus controls at days 12 and 16, but were greater

on day 20. This occurred despite the b-cell mass still being
substantially less in STZ-treated animals on days 20 and 40.

Immunoreactivity for HGF was restricted to the vascular
tissue of the islet in both control and STZ-treated rats, as
shown by co-localization with BS-l (Figure 5c). Slight punc-
tate staining was also observed in acinar cells. The
expression levels of HGF mRNA in pancreas of control
animals increased two- and three-fold at days 12 and 16,
respectively, but then declined to barely detectable levels
thereafter (Figure 5d). Levels of HGF expression were
similar to controls in STZ-treated rats between days 4 and
12, but fell to low levels at day 16, significantly reduced
compared with control animals (P , 0.05).

Figure 2 Islet morphology (arrows) in control (CNT) or streptozotocin (STZ)-treated animals day 4 (a and b) or day 40 (c and d) after treatment with STZ or saline.

Immunohistochemistry was performed for insulin (red) and glucagon (brown). Magnification bar ¼ 50 mm. b-Cell mass was calculated and changes are shown

with age (days postinjection) in (e) for control (solid line) and STZ-treated (broken line) animals. Data are presented as mean+SEM. �P , 0.05, #P , 0.01

versus day 4 within group. §P , 0.001 versus control for each age
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Localization of islet extracellular matrix proteins

Collagen type IV was immunolocalized to the basement
membrane surrounding the islets, but was also seen in
association with intraislet blood vessels (Figure 6a) when
these were identified in adjacent tissue sections using BS-l

Figure 3 Representative morphology for an islet (I) from control animals (a)

and from a streptozotocin (STZ)-treated animal (b) 16 days after treatment

with STZ or saline. Immunohistochemistry was performed to visualize

insulin (brown), endothelial cells using Bandeiraea simplicifolia lectin (BS-l)

(red) and proliferating cell nuclear antigen (blue). Examples of proliferative

endothelial cells are shown within the enlarged views, while examples of pro-

liferating b-cells are shown with arrows. Magnification bar ¼ 50 mm. The area

within islets occupied by capillaries was calculated (c) for control rats (solid

line) or those treated with STZ (broken line) between four and 40 days follow-

ing treatment with STZ or saline. Data are presented as mean+SEM. #P ,

0.01 versus control for same age

Table 2 Percentage of capillaries found within the core of the islet,
as defined by being surrounded by insulin-immunopositive b-cells,
for control rats or those treated with streptozotocin (STZ) between
four and 40 days after treatment

% Capillaries in islet core

Day Control STZ

4 81+4 50+7�

8 77+1 51+5�

12 80+1 51+5�

16 79+6 57+7�

20 84+3 58+5�

40 86+2 81+5#

Values show mean+SEM. n ¼ 6–8 animals
�P , 0.001 versus control same day
#P , 0.001 versus STZ day 4

Figure 4 b-Cell and endothelial cell proliferation. The percent of b-cells that

co-stained with proliferating cell nuclear antigen (PCNA) is shown in (a) for

control animals (closed bars) or animals treated with streptozotocin (STZ)

(open bars) at 12, 16 and 20 days following treatment. The percentage of

islet capillaries that showed at least one PCNA-immunoreactive endothelial

cell is shown in (b). Data are presented as mean+SEM. �P , 0.05, ��P ,

0.001 versus day 12 for either control or STZ (n ¼ 5)
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lectin (Figure 6b). The relative intraislet area that was
immunopositive for type IV collagen was calculated and
shown to be approximately 10% in control animals at all
ages examined (Figure 6c). In STZ-treated animals, the
collagen-immunoreactive islet area was significantly lower
than in control animals at all ages from days 4 to 40, consist-
ent with the finding of a reduced area occupied by capil-
laries within the islets. Immunoreactivity for laminin
within the islets showed a similar distribution to that of
type IV collagen and was similarly reduced following STZ
treatment (not shown).

Discussion

We and others have demonstrated that during the first 3–4
weeks of neonatal life there is substantial remodelling of the
rodent islets12,24 involving a loss of b-cells by apoptosis and
their replacement with new b-cells deriving from both
within the islets and by neogenesis at the pancreatic ducts.
Partial ablation of b-cells using STZ at this time results in
a partial regeneration of b-cell mass.13 As confirmed here,
a loss of 70% of b-cells resulted in only a transient hyper-
glycemia, followed by regeneration of b-cell mass. However,
b-cell mass was still significantly less than in age-matched
control rats 40 days following STZ, and glucose handling
was relatively impaired following a glucose tolerance test.
The replacement of b-cell mass following STZ occurs both
from within islets and by neogenesis of new endocrine
tissue from the pancreatic ducts.14 Since the ductal tissue

does not have an associated dense microvasculature, it was
not possible to examine changes at this anatomical location
following STZ as we were able to do for islets. Associated
vascular changes may also support the development of new
islets from pancreatic ducts, although the contribution of
newly formed, small islets to glucose homeostasis following
recovery from STZ is not known.

We found associated changes to the islet microvasculature
following STZ treatment. The mean islet area occupied by
capillaries was reduced by approximately 20% following
STZ and only recovered to control values after 20 days.
Since mean islet area is reduced following STZ, subsequent
to the b-cell death, a corresponding reduction of capillary
area would have yielded an unchanged percentage area
within islets. The decreased mean area of islets occupied
by vessels seen following STZ shows that the reduction in
capillary presence was relatively greater than the change
in size due to loss of b-cells. The altered morphology of
the vascular compartment was particularly apparent in the
islet core, where the percentage of capillaries found in this
region following STZ was significantly reduced by approxi-
mately 40%, and did not recover until day 40. Thus, it
appears that destruction of b-cells resulted in an associated
relative reduction in vascular ECs, which did not recover for
over three weeks.

Regeneration of b-cells following STZ was at least partly
due to an increased rate of proliferation of those b-cells
remaining in the islets relative to controls. Previous
reports highlighted the importance of the physical juxta-
position of the vasculature for optimal proliferation as

Figure 5 (a) Immunohistochemical co-localization of vascular endothelial growth factor (red) and insulin (green) within a representative islet (arrow, islet is circled

in white), and (c) co-localization of hepatocyte growth factor (brown, arrow) within endothelial cells identified with BS-l lectin (red, arrow) in adjacent tissue sec-

tions. Sections were taken from a pancreas of a control-treated rat on day 16. Magnification bar ¼ 50 mm. The ontogeny of vascular endothelial growth factor

(VEGF) (b) or hepatocyte growth factor (HGF) (d) mRNA was measured in whole pancreas by realtime polymerase chain reaction between four and 40 days

for control animals (closed bars) or animals that received streptozotocin (open bars). Data represent mean values+SEM. �P , 0.05 or better versus control

values for the same day
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well as function of b-cells,3 and that a re-structuring of the
islet following damage may also require the recovery and
re-organization of the vascular microenvironment.4 VEGF,
predominantly synthesized in the pancreas within the
islets, and as shown here and by others, predominantly by
the b-cells,25 has been implicated as an angiogenic develop-
mental trigger.26 An increase in VEGF expression could
signal an increase in the capillary density that could, in
turn, provide a mitogenic stimulus to the b-cells.27 VEGF
mRNA within the pancreas of control rats steadily increased
between chronological days 12 and 24, suggesting that the
re-organization of the islet in the neonatal rat results in
the appearance of b-cells in which VEGF is abundantly
expressed. Following STZ treatment, the temporal rise in
VEGF mRNA levels was delayed, but at day 20 postinjec-
tion, it actually exceeded that in pancreas of control rats.
Since the b-cell mass at this time was only approximately
half of that in controls, the expression of VEGF per b-cell
must have been substantially elevated, but without a

corresponding increase in vascular presence, and with no
change in the frequency of EC proliferation. This might indi-
cate that islet angiogenesis was blunted following STZ.
VEGF expression in pancreas has been shown to be
increased in situations of metabolic stress, as in the Zucker
diabetic fatty (ZDF) rat model of type 2 diabetes, where
an increase in the islet vascular density occurs prior to
b-cell dysfunction.28 VEGF expression has also been
shown to be elevated in islets during hypoxia.29 However,
the expression of antiangiogenic peptides in pancreas,
such as thrombospondin-1, has also been shown to be elev-
ated in the ZDF rat, while thrombospondin-1-null mice have
large, hypervascularized islets.28,30 The source of
thrombospondin-1 was shown to be the peripheral cells of
the islets, perhaps a-cells.30

HGF is known to be produced by islet capillaries and
bone marrow-derived endothelial precursor cells,31,32 and
promotes b-cell hyperplasia.33,34 It is predominantly loca-
lized to the vasculature with a weak presence in acinar
tissue, although its receptor, c-Met, is found on islet endo-
crine cells.25 Pancreatic HGF mRNA transiently increased
in abundance between two and three weeks of neonatal
life and subsequently declined, as did the c-Met receptor
as shown previously,35 suggesting a role in b-cell develop-
mental turnover, and islet remodelling. The disappearance
with age of HGF expression from the vascular compartment
may contribute to the reduced regenerative capacity of
b-cells. Following STZ treatment, there was a premature
loss of HGF expression at day 16, which could limit the
extent of subsequent b-cell replacement. In this study, we
measured VEGF and HGF mRNA levels in intact pancreas,
rather than in isolated islets, because of the risk of substan-
tial change in gene expression levels during islet isolation.
It is likely that the pancreatic mRNA levels do reflect
predominantly paracrine interactions within the islets,
since no VEGF immunoreactivity was seen in exocrine
tissue, and HGF presence was restricted to the islet
microvasculature.

Intercommunication between the b-cell and vascular
endothelium depends not only on locally expressed
growth factors, but also on the integrity of the extracellular
matrix.2 This involves integrin signalling and key matrix
components include type IV collagen and laminin.36

Incubation of isolated rat islets with islet EC-conditioned
culture medium increased b-cell insulin content and
glucose-stimulated insulin release, effects that were abol-
ished by the addition of a neutralizing antibody to the
b1-chain of laminin.37 The intraislet area occupied by
immunoreactive type IV collagen was substantially
reduced following STZ, consistent with substantial cellular
remodelling and proteolytic modification of extracellular
matrix. While the mean islet area occupied by microvascula-
ture was initially depressed following STZ, it had recovered
by day 20. However, this was not accompanied by a recov-
ery of collagen presence, which was still relatively deficient.
Hence, even when recovery of microvasculature had
occurred, it may have been functionally deficient in facilitat-
ing b-cell growth and function due to altered extracellular
matrix composition. Type IV collagen has previously been
shown not to be required for basement membrane38 or

Figure 6 Immunohistological co-localization of type IV collagen (a) within an

islet (brown, arrow) and of endothelial cells identified with BS-l lectin (red,

arrow) (b) in an adjacent section of a control-treated rat on day 16.

Magnification bar ¼ 50 mm. The ontogeny of the percent intraislet area

immunopositive for type IV collagen is shown (c) for control (solid line) and

streptozotocin-treated animals (broken line) between four and 40 days. Data

represent mean values+SEM. �P , 0.05 or better versus control

................................................................................................................................................
196 Experimental Biology and Medicine Volume 235 February 2010



capillary assembly,39 but is required for optimal insulin
release by b-cells in response to a glucose challenge.15 The
relative deficiency in collagen within the islets following
STZ may reflect a functional immaturity of the reconstituted
microvasculature with implications for b-cell function, and
the persistence of glucose intolerance.

In summary, these results demonstrate that partial b-cell
destruction by STZ is accompanied by a relative loss of
microvasculature, particularly from the islet core. The sub-
sequent generation of new b-cells by proliferation and
their functional capacity is likely to be related to the recov-
ery of the microvasculature involving the presence of
growth factors such as HGF, and the reconstitution of the
extracellular matrix. Both may be rate limiting to the recov-
ery of b-cell mass following STZ insult in early life.
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