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Abstract

The aim of the study was to investigate if hypertension affects pancreatic islet blood flow and
endocrine function. For this purpose, spontaneously hypertensive rats (SHR) were compared with
normotensive control Wistar±Kyoto rats (WKY). Both islet size and islet cell replication in 4-month-
old SHR was increased compared with WKY. The (pro)insulin biosynthesis was reduced in islets
isolated from SHR, whereas the insulin content was unchanged. A hyperinsulinemic response to
glucose in vivo was observed in 4- and 12-month-old SHR. Pancreatic blood flow, measured using a
microsphere technique, was lower in SHR than in WKY in rats aged 5 weeks, 4 months or 1 year. Islet
blood flow was lower in 4-month-old and 1-year-old SHR. In 4-month-old animals, islet blood flow
was unaffected by administration of enalaprilate and prazosin in both strains, but was markedly
decreased by the administration of NG-methyl-L-arginine. It was concluded that the islets of SHR have
a decreased insulin production in vitro and a decreased islet blood perfusion. The reasons for this are
likely to be multifactorial. Because SHR maintained an essentially normal glucose tolerance, an
adaptation of the b-cells to the metabolic and hemodynamic changes imposed by hypertension
occurred.
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Introduction

It is well known that type 2 diabetes often occurs
together with essential hypertension (1). Furthermore,
recent epidemiological studies have shown that hyper-
tension is a risk factor for the subsequent development
of type 2 diabetes (2). The reason for this association
could be that patients with essential hypertension are
insulin resistant per se, without any relation to the
degree of obesity (3). Because the ability of insulin to
stimulate glucose uptake varies widely in normal
individuals (4), it seems that type 2 diabetes might
not develop as long as the pancreatic b-cells secrete
sufficient quantities of insulin to maintain a normal
glucose homeostasis (5). Therefore, a better under-
standing of the adaptation of b-cell function to
metabolic aberrations in hypertension would provide
a basis for the prevention of type 2 diabetes.

The spontaneously hypertensive rat (SHR) is one of
the most widely used experimental models of essential
hypertension. The clinical course is similar to that of
human hypertension, even to the extent that hyperten-
sion-related functional and morphological abnormali-
ties in both large and small vessels of different organs

develop with time (6). Furthermore, insulin resistance
(7) and an increased b-cell sensitivity for glucose-
stimulated insulin secretion (8) have been described in
these animals (7), which is also in accordance with
findings in patients with essential hypertension (3).

The increased vascular resistance in SHR is not
associated with any marked changes in organ blood
perfusion compared with control rats (9, 10). However,
the blood flow responses to endothelium-derived
vasoactive substances are enhanced with regard to
vasoconstrictors (11), but attenuated with regard to
the effects of the vasodilators (12, 13). Interestingly, the
complex vasculature of the pancreatic islets (14) is
exquisitely sensitive to locally produced endothelial
factors (15±17), and may therefore be influenced by
hypertension. An enhanced islet blood flow has been
consistently observed in other rat models with an
increased functional demand for insulin secretion (18±
20). It is therefore conceivable that a high islet blood
perfusion plays a crucial role in maintaining the b-cell
hyperfunction required to compensate for insulin
resistance in SHR.

Despite these conjectures, it is at present unknown
whether islet blood flow is altered in SHR, and, if so,
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whether this is of any functional significance. In the
present study we first studied the age-related changes
in islet blood flow in SHR and normotensive Wistar±
Kyoto control rats (WKY) at a prehypertensive stage
(5-week-old), during established hypertension (4-
month-old), and finally during the stage when
hypertensive organ damage has occurred (1-year-old).
Results from previous studies suggest that the hyper-
tension of SHR can be reduced by most conventional
antihypertensive drugs. In view of this, we evaluated
the acute effects of some such drugs, namely inhibitors
of angiotensin-converting enzyme, nitric oxide forma-
tion and a1-adrenoceptors, all of which are known to
also affect islet blood flow (16, 17, 21), on islet blood
flow in 4-month-old SHR and WKY.

Because marked changes in hormone secretion (8,
22) as well as a diminished islet cell replication (23)
have been described in 4-month-old SHR, we also
investigated the function and growth of the b-cells in
animals of this age.

Materials and methods

Animals

Male 4-week- and 4-month-old SHR and WKY were
purchased from MoÈllegaard Breeding and Research
Center A/S (Skensved, Denmark). The animals had free
access to tap water and pelleted food throughout the
experiments unless stated otherwise. Some of the
animals were kept until 1 year old. All experiments
were approved by the local animal ethics committee at
Uppsala University.

Intraperitoneal glucose tolerance test

An intraperitoneal glucose tolerance test (ipGTT) was
performed when the animals were 4 months or 1 year
old. The animals (WKY n � 7; SHR n � 8 at 4 months;
WKY n � 11; SHR n � 10 at 1 year) were injected
intraperitoneally with a 30% (w/v) D-glucose solution
(2 g glucose/kg body weight) after an overnight fast.
Blood samples were taken from the cut tip of the tail
immediately before and 10, 30, 60 and 120 min after
glucose administration. Blood glucose concentrations
were measured with test reagent strips (ExacTechw;
Baxter Travenol, Deerfield, IL, USA). Serum immuno-
reactive insulin concentrations were measured with
radioimmunoassay (Insulin RIA kit; Pharmacia-
Upjohn Diagnostic, Uppsala, Sweden) with rat insulin
standard (Novo Research Institute, Bagsvaerd, Denmark).

Blood flow measurements in rats of different
ages

This procedure has been described in detail previously
(24). Briefly, 5-week-old, 4-month-old or 1-year-old
WKY or SHR were anesthetized with an intraperitoneal

injection of sodium pentobarbital (60 mg/kg body
weight; Svenska Apoteksbolaget, UmeaÊ, Sweden),
heparinized and placed on an operating table main-
tained at body temperature. Polyethylene catheters
were inserted into the ascending aorta, via the right
carotid artery, and into the left femoral artery. The
aortic catheter was connected to a pressure transducer
(PDCR 75/1; Druck Ltd, Groby, UK). When the blood
pressure had remained stable for at least 15 min, a
total of 1:5±3:0 � 105 non-radioactive microspheres
(NEN-Trac; DuPont Pharmaceuticals, Wilmington, DE,
USA), with a diameter of 11 mm, were injected via the
catheter with its tip in the ascending aorta over 10 s.
Starting 5 s before the microsphere injection, and
continuing for a total of 60 s, an arterial blood sample
was collected by free flow from the catheter in the
femoral artery at a rate of approximately 0.5 ml/min.
The exact withdrawal rate was confirmed in each
experiment by weighing the sample. Arterial blood was
collected for determination of blood glucose and serum
insulin concentrations as described above. The pan-
creas and adrenal glands were removed, blotted,
weighed and treated with a freeze-thawing technique
that visualized the pancreatic islets and microspheres
(25). After the estimation of pancreatic islet volume
(see below), the microspheres in the whole pancreas,
islets, adrenal glands and arterial reference sample
were counted and the blood flow values were calculated
(24). Blood flow values based on the microsphere
content of the adrenal glands were used to confirm that
the microspheres were adequately mixed in the
circulation. A difference of ,10% in the blood flow
values was taken to indicate sufficient mixing.

Blood flow measurements with non-
radioactive, black microspheres after
administration of enalaprilate, prazosin and
NG-monomethyl-L-arginine

These experiments were only performed in 4-month-old
rats. The animals were prepared as described above.
When the blood pressure had remained stable for
15 min, an intravenous injection of 0.4 ml of saline
alone (control rats) or enalaprilate (25 mg/kg body
weight); Merck Sharp & Dohme BV, Haarlem, The
Netherlands), prazosin (0.2 mg/kg body weight; Sigma
Chemicals Co., St Louis, MO, USA) or NG-monomethyl-
L-arginine (L-NMMA; 10 mg/kg body weight; Calbio-
chem-Novabiochem, La Jolla, CA, USA) dissolved in
saline were injected into the right femoral vein. Black
microspheres (E-Z Tracw; IMT, Irvine, CA, USA) were
then administered as given above 10 min after injec-
tion of one of the drugs. The organs were removed and
the microsphere contents of the reference samples,
whole pancreas, islets and adrenals were determined
as described above. After counting the number of
microspheres, the whole pancreas was digested with
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sodium hydroxide (1 M) and sonicated (26). The
number of microspheres in the digested pancreas was
determined by counting samples transferred to glass
microfiber filters. The digestion method correlated well
with the direct counting method (n � 25; r � 0:98;
P , 0:0001).

Estimation of pancreatic islet volume

This procedure has previously been described in detail
(27). Briefly, the whole pancreas was cut into small
pieces weighing approximately 20 mg each. After
visualization of the islets with the freeze-thawing
technique, the volume of the islets was determined by
a point-counting method (28) by an observer unaware
of the origin of the samples. Only islets with a diameter
exceeding 50 mm were counted. The islet volume was
used to express islet blood flow per islet mass by
multiplying the pancreatic weight with the mean islet
volume fraction of whole pancreas in each strain.

Chemicals

The chemicals were as follows: collagenase prepared
from Clostridium histolyticum (Boehringer-Mannheim,
Mannheim, Germany); culture medium RPMI 1640
(11.1 mmol/l glucose) and fetal calf serum (FCS)
(HyClone, Cramlington, UK); bovine serum albumin
(BSA) (Miles, Slough, UK); L-[4,5-3H]leucine, D-
[U-14C]glucose, [methyl-3H]thymidine (Amersham
International, Amersham, Bucks, UK); Hepes and
antimycin A (Sigma Chemical Co.); Hanks' solution
(SBL Vaccin AB, Stockholm, Sweden); emulsion Kodak
NTB-2, developer Kodak D-19, fixative F-24 (Kodak
(Sollentuna, Sweden); hyamine hydroxide (ICN Immu-
nobiologicals, Lisle, IL, USA and New England Nuclear,
Boston, MA, USA).

Islet isolation and culture

In each experiment pancreatic islets isolated from one
SHR and one WKY by using a collagenase digestion
procedure (29) were studied in parallel. Islets were
studied immediately (day 0) or after 2 days of culture
(day 2). For this purpose, groups of 150 islets were
cultured free-floating for 2 days at 37 8C in an
atmosphere of humidified air� 5% CO2 in 4.5 ml of
RPMI 1640 supplemented with 0.5 ml FCS.

Measurement of DNA synthesis

Duplicate groups of 25 islets (day 2) were incubated
with 1 mCi/ml [methyl-3H]thymidine at 11.1 or
28.0 mmol/l glucose for 16 h in RPMI 1640� 10%
FCS. The islets were then rinsed in Hanks' solution
containing 10 mmol/l thymidine and sonicated in
250 ml redistilled water. The homogenate was
precipitated in ice-cold 10% trichloroacetic acid.

Duplicate samples of the homogenate were analyzed
for DNA content (30).

Autoradiographic estimates of islet DNA synthesis
were performed as follows. From the same incubations
used for the DNA synthesis experiments, groups of 75
islets were collected, washed and fixed. Histological
slides were dipped in Kodak NTB-2 emulsion, exposed
for 8 weeks at 4 8C, and developed in Kodak D-19 at
20 8C for 6 min, fixed in Kodak F-24 for 10 min and
finally stained with hematoxylin. To determine the islet
cell labeling index, radioactively labeled nuclei were
counted at a magnification of �1000 by an observer
unaware of the origin of the slides, and expressed as a
percentage of the total number of nuclei scored. A
labeled cell was defined as containing at least 10 grains
over the nucleus.

Glucose-stimulated insulin release and islet
content of insulin and DNA

Groups of 10 islets (day 0) were transferred in triplicate
to sealed glass vials containing 0.25 ml of Krebs-Ringer
bicarbonate buffer supplemented with 10 mmol/l
HEPES (KRBH), and 2 mg/ml BSA. The islets were
incubated at 37 8C in a gas phase of 95% O2 � 5 CO2

with 1.67 mmol/l glucose for 1 h, and then replaced by
KRBH supplemented with 16.7 mmol/l glucose for an
additional hour. The islets were harvested after the
incubations, pooled in groups of 30 and homogenized
in 0.2 ml redistilled water. A fraction of the homo-
genate was mixed with acid ethanol, and insulin was
extracted overnight at 4 8C. The insulin concentration
of the extract was measured by radioimmunoassay
(31). Another fraction of the aqueous homogenate was
used for DNA measurements (30).

Islet glucose oxidation rate

Groups of 10 islets each (day 0) were incubated in
triplicate in 100 ml KRBH without BSA supplemented
with D-[U-14C]glucose and non-radioactive glucose and
measured as described previously (32).

Islet (pro)insulin and total protein
biosynthesis rates

Duplicate groups of 10 islets (day 0) were incubated
for 2 h at 37 8C �air� 5% CO2� in 100 ml KRBH
supplemented with 2 mg/ml BSA and 50 mCi/ml L-
[4,5-3H]leucine and 16.7 mmol/l glucose and homo-
genized in water. The total protein biosynthesis rate
was measured after trichloroacetic acid precipitation of
a fraction of the homogenate. The (pro)insulin
biosynthesis rate was determined by an immune-
absorption technique (33).
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Measurement of insulin mRNA

Groups of 50 islets (day 0) were washed in phosphate-
buffered saline and briefly sonicated in 200 ml of
0.1 mol/l Tris (pH 7.5), 10 mmol/l EDTA and 1%
sodium dodecyl sulphate (SDS). The sonicates were
extracted with 200 ml of phenol/chloroform/isoamyl-
alcohol. Nucleic acids were precipitated and electro-
phoresed on 1% agarose gels containing formaldehyde
and blotted to GeneScreen membranes. After baking,
the membranes were hybridized to [32P]dCTP labeled
rat insulin I cDNA (34). After washing, the membranes
were exposed to Hyperfilm MP for autoradiography and
densitometry.

Morphometry of cultured islets

In preliminary experiments a decrease in the DNA
content of SHR islets was noted after culture (data not
shown). To further investigate this, measurements of
possible necrotic islet areas were performed on day 2 of
culture in separate experiments. Groups of 75 islets
were fixed, embedded, sectioned and stained with
hematoxylin and eosin. The total islet area and the
central necrotic area were determined by using
computerized morphometry (MOP-Videoplan; Zeiss
Svenska AB, Stockholm, Sweden). The average number
of islets examined (i.e. islets derived from one animal)
was 41 ^ 7 for WKY and 44 ^ 5 for SHR respectively.
Necrotic areas were defined as homogeneously dense,
eosinophilic areas, sometimes containing pyknotic
nuclei. The percentage of the necrotic area per islet
was calculated by dividing the total necrotic areas by
total islet area.

Statistical analysis

All values are given as means ^ S.E.M. When two
groups were compared, Student's two-tailed, unpaired
t-test was used. When multiple comparisons were
made, the data were compared by one-way or two-
way repeated measures analysis of variance (ANOVA)
followed by Fisher's protected least statistical difference
test using StatVieww (Abacus Concepts, Berkeley, CA,
USA). The results were considered to be significant
when P , 0:05:

Results

General characteristics of animals of different
ages

Body weight did not differ between WKY and SHR at
any age. Mean arterial blood pressure was significantly
higher in SHR at all ages. The blood pressure in 4-
month and 1-year-old SHR was higher than in 5-week-
old SHR (P , 0:01 for both comparisons), whereas in
WKY the blood pressure was similar in all age groups.

The heart weight was increased in SHR compared with
WKY at 4 months and 1 year of age. The pancreatic
weight was increased slightly in SHR at 1 year of age
compared with that of WKY (Table 1).

Blood glucose and serum insulin
concentrations in animals of different ages

The blood glucose concentrations at the time of the islet
blood flow measurements were slightly, but signifi-
cantly, higher in SHR than WKY at 4 months and 1
year of age (Table 1). Serum insulin concentrations did
not differ between the strains, but was increased at 1
year of age when compared with that of the younger
age groups of the same strain (P , 0:001; Table 1).
There were no strain differences in the blood glucose or
serum insulin concentrations during an ipGTT at either
4 months or 1 year of age (Fig. 1). However, the area
under curve (AUC) for glucose was decreased in SHR
compared with WKY at 4 months of age, whereas the
AUC for insulin did not differ (Table 2). The ratio of AUC
for insulin to glucose was higher in SHR than in WKY
at this age. In 1-year-old animals, AUC for glucose did
not differ between WKY and SHR, whereas the AUC for
insulin was increased in SHR. Thus, the ratio of AUC
for insulin to glucose was higher in SHR than in WKY
also at 1 year of age. The AUC for glucose and insulin,
and the ratio, were increased in 1-year-old rats when
compared with those aged 4 months in both strains.

Table 1 Characteristics of Wistar±Kyoto (WKY) or spontaneously
hypertensive rats (SHR) at 5 weeks, 4 months and 1 year of age.

5 weeks 4 months 1 year

Number of animals
WKY 12 11 9
SHR 8 10 7

Body weight (g)
WKY 62 ^ 3 330 ^ 7 440 ^ 5
SHR 68 ^ 3 332 ^ 6 439 ^ 5

Blood glucose (mmol/l)
WKY 4.9 ^ 0.3 3.9 ^ 0.1 4.0 ^ 0.1
SHR 5.1 ^ 1.3 4.6 ^ 0.2* 4.9 ^ 0.2*

Serum insulin concentration (mU/ml)
WKY 40 ^ 6 61 ^ 10 198 ^ 17
SHR 56 ^ 9 68 ^ 10 163 ^ 17

Mean arterial blood pressure (mmHg)
WKY 82 ^ 2 88 ^ 3 68 ^ 4
SHR 113 ^ 15* 151 ^ 12** 149 ^ 13**

Heart weight (g)
WKY 0.27 ^ 0.01 0.94 ^ 0.02 1.18 ^ 0.02
SHR 0.31 ^ 0.01 1.13 ^ 0.04** 1.60 ^ 0.04**

Pancreatic weight (g)
WKY 0.30 ^ 0.01 1.04 ^ 0.02 1.24 ^ 0.03
SHR 0.34 ^ 0.01 1.00 ^ 0.03 1.35 ^ 0.04*

Islet volume of whole pancreas (%)
WKY 1.47 ^ 0.14 1.90 ^ 0.08 2.42 ^ 0.21
SHR 1.43 ^ 0.17 2.65 ^ 0.21** 4.02 ^ 0.23**

Values are means^ S.E.M. *P , 0:05 and **P , 0:001 vs. WKY of the same
age by ANOVA.
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Pancreatic islet volume in animals of different
ages

The islet volume did not differ between WKY and SHR
at 5 weeks of age, but was higher in SHR at both 4
months and 1 year of age. The fractional islet volume
increased with age in both strains (5 weeks vs 4
months: P , 0:05 in WKY, P , 0:001 in SHR; 4
months vs 1 year: P , 0:05 in WKY, P , 0:001 in
SHR; all comparisons made with ANOVA).

Blood flow measurements in animals of
different ages

There were no differences in whole pancreatic blood
flow between WKY and SHR in any of the age groups
studied. However, pancreatic blood flow decreased with
age in both strains. Islet blood flow, corrected for
estimated islet weight, was similar in WKY and SHR at
5 weeks of age, whereas it was decreased in SHR
compared with WKY at 4 months and 1 year of age. In

both strains, islet blood flow was higher in 4-month-old
than 5-week-old animals. No further increase in islet
blood perfusion from 4 months to 1 year of age was
observed in either strain. Fractional islet blood flow was
very low at 5 weeks of age in both WKY and SHR, and
increased with age in both strains. The fractional islet
blood flow was higher in SHR than in WKY at both 4
months and 1 year of age (Table 3).

Effects of enalaprilate, prazosin and L-NMMA
on 4-month-old rats

The body weights were similar in all these animals
(data not shown), whereas the pancreatic islet volume
was almost doubled in the SHR compared with WKY
(2:85 ^ 0:21 vs. 1:59 ^ 0:18%; P , 0:001).

The blood glucose and serum insulin concentrations
were similar in saline-treated SHR and WKY at the time
of the blood flow measurements. Enalaprilate slightly
increased blood glucose concentrations, whereas the
other substances had no such effects (Table 4).

Table 2 Area under the curve (AUC) during an intraperitoneal glucose tolerance test in Wistar±Kyoto (WKY) and
spontaneously hypertensive rats (SHR) at 4 months and 1 year of age.

4 months 1 year

WKY SHR WKY SHR

Glucose �mmol �min� 1196 ^ 75 957 ^ 60* 1514 ^ 54§ 1307 ^ 121§§
Insulin concentrations �mU=ml �min� 3212 ^ 279 4252 ^ 422 9482 ^ 582§§ 13505 ^ 2135**§§
Ratio of AUC insulin:glucose 2.8 ^ 0.4 4.4 ^ 0.3* 6.3 ^ 0.5§§ 10.2 ^ 0.9***§§

Values are means ^ S.E.M. for 8 (4 months) or 10 (1 year) observations. *P , 0:05: **P , 0:01 and ***P , 0:001 vs. WKY. §P , 0:01
and §§P , 0:001 vs. 4-month-old animals of the same strain. All comparisons were made with ANOVA.

Figure 1 Blood glucose (A, B) and serum insulin concentrations (C, D) during an intraperitoneal glucose tolerance test (2 g/kg body
weight), after an overnight fast, at 4 months of age (A, C) and 1 year of age (B, D). WKY (X n � 7 at 4 months, n � 11 at 1 year) and SHR
(W; n � 8 at 4 months, n � 10 at 1 year). Values are means^S.E.M.
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Enalaprilate decreased serum insulin concentrations in
both WKY and SHR, whereas prazosin decreased insulin
concentrations only in SHR. L-NMMA deceased serum
insulin concentrations in WKY, but had no effects in SHR.

Basal mean arterial blood pressure was higher in
SHR than in WKY before administration of any of the
test substances and at all time points in the saline-
treated rats (Table 5). Enalaprilate lowered blood
pressure 3 min after administration compared with
corresponding saline-treated animals (60 ^ 2 mmHg;
P , 0:001 in WKY and 120 ^ 8 mmHg; P , 0:01 in
SHR), but after 5 and 10 min it did not differ from the
corresponding control rats. In WKY, prazosin caused a
slight reduction in blood pressure after 5 min but
10 min after administration no effects were seen. In
SHR, however, prazosin markedly decreased blood
pressure during the 10-min observation period. L-
NMMA increased blood pressure in WKY both 5 and
10 min after administration. In SHR L-NMMA
increased blood pressure only 5 min after injection.

Whole pancreatic blood flow was lower in SHR than
WKY in the saline-injected group and in rats administered
L-NMMA (Table 4). Enalaprilate, prazosin and L-NMMA

decreased pancreatic blood flow in WKY, but not in the
SHR compared with the corresponding saline-injected
animals. Islet blood flow was lower in SHR than in
WKY in animals administered saline, prazosin or L-
NMMA. Islet blood flow was not affected by enalapri-
late or prazosin in WKY or SHR compared with the
corresponding saline-injected rats of the same strain. L-
NMMA decreased islet blood flow in WKY and SHR.
When islet blood flow was corrected for differences in
islet volume between the strains, the blood perfusion
was markedly decreased in all groups of SHR compared
with WKY.

In vitro studies of pancreatic islets from
4-month-old rats

The DNA synthesis rate in vitro was increased in SHR
islets when compared with WKY islets after both
stimulation with 11.1 mM (1667 ^ 133 vs. 1116 ^
116 d:p:m:=islet � 16 h � mg DNA; n � 6; P , 0:05)
and 28.0 mM (1394 ^ 111 vs. 1061 ^ 137 d:p:m:=
islet � 16 h � mg DNA; n � 6; P , 0:05) glucose. Islet
cell labeling index was increased in SHR islets at

Table 3 Pancreatic and islet blood flow values in Wistar±Kyoto (WKY) and spontaneously hypertensive rats (SHR) at 5 weeks, 4 months
and 1 year of age.

Age

Strain 5 weeks 4 months 1 year

Pancreatic blood flow �ml=min � g� WKY 1.47 ^ 0.25 0.87 ^ 0.07§§ 0.91 ^ 0.10§§
SHR 1.07 ^ 0.10 0.47 ^ 0.07§ 0.57 ^ 0.09§

Islet blood flow (ml=min �mg estimated islet mass) WKY 1.8 ^ 0.4 4.9 ^ 0.4§§§ 4.6 ^ 0.06§§§
SHR 1.5 ^ 0.4 2.3 ^ 0.2** 2.2 ^ 0.3**

Fractional islet blood flow (% of pancreatic blood flow) WKY 1.6 ^ 0.2 10.7 ^ 0.4§§§ 12.4 ^ 0.9§§§$
SHR 1.9 ^ 0.5 13.4 ^ 0.7**§§§ 15.3 ^ 0.7*§§§$

Values are means ^ S.E.M. for the number of observations given in Table 1. *P , 0:01 and **P , 0:001 vs. WKY. §P , 0:05; §§P , 0:01 and §§§P , 0:001
vs. 5-week-old animals of the same strain. $P , 0:05 vs. 4-month-old animals of the same strain. All comparisons were made with ANOVA.

Table 4 Blood glucose concentrations, serum insulin concentrations, pancreatic (PBF) and islet blood flow values in 4-month-old
anesthetized Wistar±Kyoto (WKY) and spontaneously hypertensive rats (SHR) 10 min after an intravenous injection of 0.4 ml of
enalaprilate (25 mg/kg body weight), prazosin (0.2 mg/kg body weight), NG-nitro-L-arginine (10 mg/kg body weight) dissolved in saline or
saline alone.

Blood glucose
(mmol/l)

Serum insulin
(mU/ml)

Pancreatic blood flow
(ml/min�g)

Islet blood flow
(ml/min�mg islets) % of PBF

Saline
WKY (7) 3.9 ^ 0.2 147 ^ 17 1.57 ^ 0.27 8.43 ^ 0.82 11.0 ^ 0.9
SHR (6) 4.4 ^ 0.2 164 ^ 11 0.71 ^ 0.13§§ 3.16 ^ 0.46§§§ 12.0 ^ 0.6

Enalaprilate
WKY (8) 5.0 ^ 0.4** 50 ^ 7*** 0.98 ^ 0.10* 6.42 ^ 0.85 12.5 ^ 1.1
SHR (7) 5.0 ^ 0.2 58 ^ 5*** 0.52 ^ 0.11 2.96 ^ 0.50§§ 17.1 ^ 1.9**§§

Prazosin
WKY (7) 4.0 ^ 0.1 127 ^ 17 0.92 ^ 0.17* 6.37 ^ 1.63 12.4 ^ 1.3
SHR (5) 4.2 ^ 0.3 264 ^ 18***§§§ 0.47 ^ 0.11 2.05 ^ 0.42§§§ 13.0 ^ 2.1

NG-nitro-L-arginine
WKY (7) 3.5 ^ 0.1 63 ^ 8*** 1.06 ^ 0.30* 4.53 ^ 0.95** 9.0 ^ 0.6
SHR (7) 4.0 ^ 0.3 137 ^ 18§§§ 0.42 ^ 0.11§ 0.96 ^ 0.23*§§ 6.7 ^ 1.0**

Values are means ^ S.E.M. for the number of experiments given within parenthesis. *P , 0:05; **P , 0:01 and **P , 0:001 when compared with saline-
injected animals of the same strain. §P , 0:05; §§P , 0:01 and §§§P , 0:001 when compared with WKY receiving the same treatment. All comparisons
were made with ANOVA.
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28.0 mM glucose (4:1 ^ 1:1 vs. 1:0 ^ 0:2%; n � 6;
P , 0:05), but not at 11.1 mM (2:7 ^ 0:8 vs. 1:5 ^
0:6%; n � 6) glucose. The fraction of the central
necrotic area to total islet area observed on day 2 of
culture was markedly higher in SHR than in WKY
(22:9 ^ 2:6% in SHR vs 11:2 ^ 2:8% in WKY; P ,
0:05; n � 6).

Freshly isolated islets had a higher DNA content in
SHR than in WKY (Table 6). The insulin release after
stimulation with 1.67 mM glucose and the insulin
content were also increased in SHR, but when these
values were expressed per DNA content no differences
were seen. Insulin release after stimulation with
16.7 mM glucose did not differ between WKY and
SHR. No differences in islet glucose oxidation rates
between the two groups of animals were seen.

The rates of (pro)insulin biosynthesis and the ratio
between (pro)insulin biosynthesis and total protein

biosynthesis were decreased in SHR, whereas the total
protein biosynthesis rate was similar in SHR and WKY
(Table 6). The insulin mRNA content appeared to be
higher in WKY compared with SHR islets, although the
difference was not statistically significant �0:05 , P ,
0:10�:

Discussion
The occurrence of insulin resistance and compensatory
hyperinsulinemia has been consistently reported in
SHR (7, 35). In the present study, no change in basal
serum insulin concentrations was seen, but the
increased ratio of the AUC for serum insulin to blood
glucose concentrations confirmed the presence of a
mild insulin resistance. It was recently demonstrated
that insulin secretion was enhanced from the isolated
pancreas of SHR in response to an increase in ambient
glucose concentration from 5 to 10 mmol/l, i.e. a
subnormal glucose set-point (ED50) for insulin secretion
(8, 22). Chen and co-workers (8) showed that the
glucokinase activity in SHR islets was increased by 40%
compared with WKY. They therefore proposed that an
increased b-cell sensitivity for glucose, namely, an
exaggerated insulin output at a normal glucose
concentration, was a major sign of b-cell adaptation
to insulin resistance in SHR. Furthermore, it was
suggested that b-cell glucokinase activity played a key
role in regulating the set-point for glucose-induced
insulin secretion. In the present study we observed an
enhanced insulin release in vitro at a glucose concen-
tration of 1.67 mmol/l from isolated SHR islets.
However, we cannot exclude that this could be
attributed to the increased islet size.

For the in vitro experiments and the evaluations of
blood flow regulation, 4-month-old rats were chosen,
because the vascular changes and increases in islet
volume were fully manifested at this time point in SHR.
When expressed per islet, the rate of (pro)insulin
biosynthesis in the SHR exhibited a decrease of
approximately 30% but this was not sufficient to affect

Table 6 DNA content, insulin secretion, insulin content, glucose oxidation rate, (pro)insulin and total protein
biosynthesis rates and insulin mRNA content in islets isolated from Wistar±Kyoto (WKY) and spontaneously
hypertensive rats (SHR).

WKY SHR

DNA content (mg/10 islets) 0.52 ^ 0.04 0.81 ^ 0.08**
Insulin release �pmol=10 islets � 60 min�

1.67 mmol/l glucose 0.6 ^ 0.1 0.9 ^ 0.2*
16.7 mmol/l glucose 9.3 ^ 1.5 7.9 ^ 1.2

Insulin content (pmol/10 islets) 98 ^ 7 13.0 ^ 9**
(pmol/mg DNA) 200 ^ 26 183 ^ 38

Glucose oxidation rate �pmol=10 islets � 90 min� 604 ^ 92 788 ^ 128
(Pro)insulin biosynthesis rate �kdpm=10 islets � 2 h� 21.7 ^ 3.2 14.8 ^ 2.3*
Total protein biosynthesis rate �kdpm=10 islets � 2 h� 89.3 ^ 13.6 95.3 ^ 16.4
Fraction (pro)insulin of total protein biosynthesis (%) 26.0 ^ 3.8 17.0 ^ 2.3**
Insulin mRNA content (optical density/50 islets) 1.32 ^ 0.31 (6) 0.49 ^ 0.20 (4)

Values are means ^ S.E.M. for 7 observations unless otherwise indicated. *P , 0:05 and **P , 0:01 vs. WKY by Student's paired
t-test except the last line where unpaired t-test was used.

Table 5 Mean arterial blood pressure in anesthetized Wistar±
Kyoto (WKY) and spontaneously hypertensive rats (SHR) before
and 5 and 10 min after an intravenous injection of 0.4 ml of
enalaprilate (25 mg/kg body weight), prazosin (0.2 mg/kg body
weight), NG-nitro-L-arginine (10 mg/kg body weight dissolved in
saline or saline alone.

Time point (min) 0 5 10

Saline
WKY (7) 73 ^ 3 74 ^ 2 73 ^ 3
SHR (6) 146 ^ 6§§§ 146 ^ 7§§§ 138 ^ 7§§§

Enalaprilate
WKY (8) 76 ^ 3 61 ^ 2** 81 ^ 6
SHR (7) 143 ^ 10*** 135 ^ 9§§§ 158 ^ 8§§§

Prazosin
WKY (7) 66 ^ 3 59 ^ 2* 63 ^ 2
SHR (5) 163 ^ 4§§§ 85 ^ 2***§§ 82 ^ 3***§

NG-nitro-L-arginine
WKY (7) 74 ^ 4 97 ^ 3** 92 ^ 4*
SHR (7) 134 ^ 9§§§ 170 ^ 7**§§§ 139 ^ 11§§§

Values are means ^ S.E.M. for the number of experiments given within
parenthesis. *P , 0:05; **P , 0:01 and ***P , 0:001 compared with the
value at time in rats of the same strain receiving the same treatment.
§P , 0:05; §§P , 0:01 and §§§P , 0:001 compared with the corresponding
value in WKY receiving the same treatment.

Islet blood flow in hypertension 175EUROPEAN JOURNAL OF ENDOCRINOLOGY (2001) 144

www.eje.org



either the islet insulin content or insulin secretory
capacity. A difference in (pro)insulin biosynthesis rate
and unchanged insulin content might indicate a
difference in the intracellular degradation of insulin
(33). In another study there was an increased islet
insulin content associated with an unchanged rate of
(pro)insulin biosynthesis and intracellular insulin
degradation in SHR (22). It should be noted that the
insulin content in the latter study is given per islet, and
not corrected for DNA content. Our findings may
therefore reflect the size difference between the islets
isolated from WKY and SHR. The reasons for the
differences with regard to (pro)insulin biosynthesis may
be explained by genome differences or by differences in
experimental procedures.

It has previously been reported that the b-cell
fraction per islet did not differ between WKY and SHR
(36). A decreased insulin production in SHR could in
this case be compensated for by an increased islet size
to meet the insulin demand. However, the larger SHR
islets are likely to be more exposed to hypoxia during in
vitro culture as a result of diffusion problems. This idea
was confirmed by the increased degree of central
necrosis observed in SHR islets after 2 days of culture.
For this reason, all in vitro evaluations of islet functions
were performed in freshly isolated islets.

The islet volume per pancreas was significantly
increased in SHR at 4 months and at 1 year of age.
Furthermore, the DNA content of freshly isolated islets
was significantly increased in SHR. This could reflect a
compensatory b-cell growth in response to insulin
resistance in these animals (37), as discussed below. In
addition, it should be noted that in rats the islet mass
increases throughout postnatal life (38). In the present
study, islet cell replication as estimated by the
incorporation of tritiated thymidine was significantly
higher in SHR than in WKY. It was previously
suggested that the rate of b-cell regeneration was
lower in SHR compared with WKY, as SHR became
more hyperglycemic than WKY after a 90% pancrea-
tectomy (39) or neonatal streptozotocin injections (40).
This difference may be explained by a suppressive effect
of hyperglycemia on the replication activity in vivo in
SHR, or that there is a genetically predetermined
maximal level for this capacity in SHR.

To what extent a hypoperfusion of the pancreatic
islets, as seen in the SHR in the present study, affects
their function in vivo is largely unknown. However, the
SHR investigated in this study did not develop glucose
intolerance, despite an almost 50% reduction in islet
blood flow compared with age-matched WKY, and
despite the slight decrease in insulin production
observed in the in vitro studies. These findings underline
the versatility and large margin of reserve in islet blood
flow and other compensatory b-cell mechanisms for the
maintenance of a normal carbohydrate homeostasis. It
is noteworthy that, as mentioned above, SHR become
more hyperglycemic than WKY when their islet mass is

reduced (39, 40, 41). To what extent this is because of
insulin resistance in the SHR, or to the combined
effects of an insufficient blood perfusion and a
decreased number of b-cells is at present unknown.

The islet blood flow was fairly low at 5 weeks of age
compared with the older age groups, thereby confirm-
ing a previous report (42). It should be noted that
younger animals have smaller islets and a smaller total
islet volume (cf. 38). Because the vasculature of the
smaller islets is in continuity with the exocrine
capillary system (14), the blood perfusion in these
islets is likely to be regulated by mechanisms common
to those of the exocrine pancreas (15). Support for this
idea comes from the findings of a fractional islet blood
flow similar to that of the volume contributions of the
islets in this age group. An alternative explanation is
that the islets of younger animals contain an immature
vascular system that has not as yet obtained blood flow
regulatory mechanisms characteristic of adults.

To compensate for the changes in islet volumes
between 4-month-old and 1-year-old SHR and WKY
we chose to express islet blood flow as per estimated
islet mass. This mode of expression showed a markedly
lower rate of islet blood flow in both these age groups
of SHR compared with age-matched WKY. The present
findings suggest that, expressed on this basis, islet
blood flow was constant between 4 and 12 months of
age. Despite the reduction in islet blood perfusion in
SHR a glucose load was associated with a slightly
hyperinsulinemic response, as evidenced by the
increased AUC for the insulin response and increased
basal insulin secretion of SHR islets in vitro. This is in
line with previous observations of a b-cell hyperfunc-
tion in SHR (7, 8). It should be noted that an enhanced
islet blood perfusion has been consistently observed in
normoglycemic and hyperglycemic rat models with an
increased functional load on the pancreatic b-cells (16,
18±20). Because the blood supply is of crucial
importance, not only for the metabolism of the islets,
but also to facilitate the delivery of islet hormones to
their target organs, the findings in these previous
studies strongly support the view that islet blood flow
usually accommodates to the need for insulin secretion.
In contrast to this, even though the SHR have some
degree of insulin resistance, these animals had a
decreased islet blood perfusion during manifested
hypertension compared with the normotensive control
rats. It should be noted that the islet blood perfusion in
the obese and insulin-resistant ob/ob mouse shows a
similar pattern, but in these animals the islet blood
perfusion changes are likely to depend on the prevailing
marked hyperglycemia in this animal model (27), i.e. a
condition not present in SHR rats. Another factor of
importance when interpreting the findings in SHR is
that the islet blood flow is decreased in concert with
the whole pancreatic blood flow, whereas the effects on
blood flow in the other animal models are much more
pronounced in the islets than in the exocrine tissue.
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This suggests that different mechanisms are operating in
the various animal models.

In order to further elucidate this topic we evaluated
the influence of nitric oxide, angiotensin II and
blockade of a1-adrenoceptors on islet blood perfusion
in 4-month-old SHR and WKY. In these studies we used
another type of polystyrene microspheres that can be
color-labeled (cf. 26). The differences between the flow
values obtained with these microspheres and the
standard Nen-Tracw microspheres were small, and
were most probably due to the infusion of the extra
volumes of saline. This has also been confirmed in
further evaluations (unpublished observations).

Previous studies have demonstrated that an
increased vascular resistance in the mesenteric circula-
tion could contribute to the development of hyperten-
sion in SHR (43). In line with this is the suggestion that
SHR have a different flow regulation in the mesenteric
vascular bed caused by an enhanced myogenic
response, which contributes to the early stages of
hypertension (43). A third report shows that the
number of small arterioles, i.e. resistance vessels, is
reduced in mesenteric microvasculature compared with
WKY (44). In confirmation of this we found a reduction
in both whole pancreatic and islet blood flow. However,
no regional differences in the intra-pancreatic blood
flow between branches of the celiac and superior
mesenteric artery were found (data not shown). The
reasons for the increased vascular resistance in SHR
are unknown, but it has been suggested that there is an
imbalance between the production between endothe-
lium-derived relaxing and contracting factors (45). Our
present findings demonstrated no clear cut effects by
inhibiting angiotensin-converting enzymes with enala-
prilate. This contrasts to our previous findings in
Sprague-Dawley rats where we noted a preferential
sensitivity of the islet blood perfusion to angiotensin II
(17). The present findings, however, suggest that
angiotensin II is not primarily responsible for the islet
blood flow changes seen in SHR. Blockade of a1-
adrenoreceptors with prazosin did not preferentially
affect islet blood flow in the SHR. Previous experiments
have demonstrated that the islet vasculature responds
to epinephrine with vasoconstriction (15), but there is
some controversy with regard to the receptors involved
(cf. 15, 46). It should also be noted in this context that
plasma catecholamines in SHR and WKY of different
ages do not differ, but the increment seen after stress is
greater in SHR (10). In view of our findings,
catecholamines also seem to be less likely candidates
for the observed changes in SHR islet blood flow.

In contrast to the other tested substances, adminis-
tration of L-NMMA, an inhibitor of mainly the
constitutive form of nitric oxide synthase, led to a
further decrease in islet blood flow in both strains, but
the response was more marked in SHR. Previous
experiments have demonstrated that the islet vascu-
lature contains large amounts of the enzyme (47), and

is dependent on an undisturbed nitric oxide formation
to maintain its normal high blood perfusion (16).
Nitroprusside, a nitric oxide donor, dilates mesenteric
resistance vessels to the same degree in SHR and WKY
(12). However, it has been suggested that hypertension
impairs endothelium-derived dilator responses, includ-
ing acetylcholine (12, 13), due to a changed ratio of
vasoconstrictors to vasodilators (cf. 13). Our present
findings therefore confirmed the sensitivity of the islet
vasculature to nitric oxide, but provided no evidence for
any causative role of this substance in the islet blood
flow changes seen in SHR. In summary, it seems as if
neither increased activities in the adrenergic nervous
system nor the angiotensin II system is involved in the
decreased islet blood perfusion seen in SHR. It is also
unlikely that nitric oxide per se is involved, although a
decreased sensitivity of the vasculature to this sub-
stance cannot be ruled out. It therefore seems likely
that there is multifactorial etiology for the islet
hypoperfusion seen in SHR.

Acknowledgements
The skilled technical assistance of Birgitta Bodin, Eva
Forsbeck, Astrid Nordin and Eva ToÈrnelius is gratefully
acknowledged. We also thank Nils Welsh for his help
with the insulin mRNA measurements. Masanori Iwase
was a visiting scientist from Kyushu University,
Fukuoka, Japan, in a scientific exchange program
between the Royal Swedish Academy of Sciences and
the Japan Society for the Promotion of Science.
Financial support was received from the Swedish
Medical Research Council (72X-109, 12X-8273), the
Swedish Diabetes Association, the Scandinavia-Japan
Sasakawa Foundation, the Swedish-American Diabetes
Research Program funded by the Juvenile Diabetes
Foundation and the Wallenberg Foundation, the NOVO
Nordic Fund, the AÊ ke Wiberg Foundation and the
Family Ernfors Fund.

References
1 The National High Blood Pressure Education Program Working

Group. The national high blood pressure education program
working group report on hypertension in diabetes. Hypertension
1994 23 145±158.

2 Stern MP. Diabetes and cardiovascular disease. The `common
soil' hypothesis. Diabetes 1995 44 369±374.

3 Ferrannini E, Buzzigoli G, Bonadonna R, Giorico MA, Oleggini M,
Graziadei L et al. Insulin resistance in essential hypertension. New
England Journal of Medicine 1987 317 350±357.

4 Reaven GM. Pathophysiology of insulin resistance in human
disease. Physiological Reviews 1995 75 473±486.

5 HellerstroÈm C. The life story of the pancreatic B cell. Diabetologia
1984 26 393±400.

6 Trippodo NC & Frohlich ED. Similarities of genetic (spontaneous)
hypertension: man and rat. Circulation Research 1981 48 309±
319.

7 Mondon CE & Reaven GM. Evidence of abnormalities of insulin
metabolism in rats with spontaneous hypertension. Metabolism
1988 37 303±305.

Islet blood flow in hypertension 177EUROPEAN JOURNAL OF ENDOCRINOLOGY (2001) 144

www.eje.org



8 Chen C, Hosokawa H, Bumbalo LM & Leahy JL. Mechanism of
compensatory hyperinsulinemia in normoglycemic insulin-resis-
tant spontaneously hypertensive rats. Augmented enzymatic
activity of glucokinase in b-cells. Journal of Clinical Investigation
1994 94 399±404.

9 Natsume T, Gallo AJ, Pegram BL & Frohlich ED. Hemodynamic
effects of prolonged treatment with diltiazem in conscious
normotensive and spontaneously hypertensive rats. Clinical and
Experimental Hypertension Section A 1985 7 1471±1479.

10 Yamamoto J, Nakai M & Natsume T. Cardiovascular responses to
acute stress in young-to-old spontaneously hypertensive rats.
Hypertension 1987 9 362±370.

11 Wright CE & Fozard JR. Differences in regional vascular
sensitivity to endothelin-1 between spontaneously hypertensive
and normotensive Wistar±Kyoto rats. British Journal of Pharma-
cology 1990 100 107±113.

12 Takata Y, Koga T, Kobayashi K, Takishita S & Fujishima M. Decrease
in endothelium dependent hypotension in spontaneously hyperten-
sive rats. Japanese Circulation Journal 1990 54 183±191.

13 Matrougui K, Maclouf J, Levy BI & Henrion D. Impaired nitric
oxide- and prostaglandin-mediated responses to flow in resistance
arteries of hypertensive rats. Hypertension 1997 30 942±947.

14 Brunicardi FC, Stagner J, Bonner-Weir S, Wayland H,
Kleinman R, Livingston E et al. Microcirculation of the islets of
Langerhans. Diabetes 1996 45 385±392.

15 Jansson L. The regulation of pancreatic islet blood flow. Diabetes
and Metabolism Reviews 1994 10 407±416.

16 Svensson AM, OÈ stenson C-G, Sandler S, Efendic S & Jansson L.
Inhibition of nitric oxide synthase by NG-nitro-L-arginine causes
a preferential decrease in pancreatic islet blood flow in normal
rats and spontaneously diabetic GK rats. Endocrinology 1994 135
849±853.

17 Carlsson P-O, Berne C & Jansson L. Angiotensin II and the
endocrine pancreas. Effects on islet blood flow and insulin
secretion in rats. Diabetologia 1998 41 127±133.

18 Jansson L & Sandler S. Pancreatic and islet blood flow in the
regenerating pancreas after a partial pancreatectomy in adult
rats. Surgery 1989 106 861±866.

19 Styrud J, Eriksson UJ & Jansson L. A continuous 48-h glucose
infusion in rats causes both an acute and a persistent
redistribution of the blood flow within the pancreas. Endocrin-
ology 1992 130 2692±2696.

20 Atef N, Ktorza A, Picon L & PeÂnicaud L. Increased islet blood flow
in obese rats. Role of the autonomic nervous system. American
Journal of Physiology 1992 262 E736±E740.

21 Jansson L & Sandler S. Pancreatic islet circulation in relation to
the diabetogenic action of streptozotocin in the rat. Endocrinology
1985 116 896±900.

22 Leahy JL, Chen C & Rhodes CJ. How is the insulin content
regulated in nondiabetic hyperinsulinemic, insulin resistant
states? Study of spontaneously hypertensive rats. Diabetologia
1998 41 855±859.

23 Tanigawa K, Xu G, Nakamura S, Kawaguchi M, Kato Y &
Tamura K. Impaired compensatory adaption to B-cell mass
reduction in young spontaneously hypertensive rats (SHR).
Pancreas 1996 12 237±242.

24 Jansson L & HellerstroÈm C. Stimulation by glucose of the blood flow
to the pancreatic islets of the rat. Diabetologia 1983 25 45±50.

25 Jansson L & HellerstroÈm C. A rapid method of visualizing the
pancreatic islets for studies of islet capillary blood flow using
non-radioactive microspheres. Acta Physiologica Scandinavica
1981 113 371±374.

26 Hale SL, Alker KJ & Kloner RA. Evaluation of nonradioactive,
colored microspheres for measurement of regional myocardial
blood flow in dogs. Circulation 1988 78 428±434.

27 Carlsson P-O, Andersson A & Jansson L. Measurements of islet
blood flow in normal and obese-hyperglycemic (ob/ob) mice.
American Journal of Physiology 1996 271 E990±E995.

28 Weibel ER. Practical methods for biological morphometry. In
Stereological Methods, vol 1, pp 101±161. Ed ER Weibel. London:
Academic Press, 1979.

29 Sandler S, Andersson A & HellerstroÈm C. Inhibitory effects of
interleukin 1 on insulin secretion, insulin biosynthesis and
oxidative metabolism of isolated rat pancreatic islets. Endocrin-
ology 1987 121 1424±1431.

30 Hinegardner RT. An improved fluorometric assay for DNA.
Analytical Biochemistry 1971 39 197±201.

31 Heding LG. Determination of total serum insulin (IRI) in insulin-
treated patients. Diabetologia 1972 8 260±266.

32 Andersson A & Sandler S. Viability tests of cryopreserved
endocrine pancreatic cells. Cryobiology 1983 20 161±168.

33 Halban PA, Wollheim CB, Blondel B & Renold AE. Long-term
exposure of isolated pancreatic islets to mannoheptulose:
evidence for insulin degradation in the b-cell. Biochemical
Pharmacology 1980 29 2625±2633.

34 Chan SJ, Noyes BE, Agrawal KI & Steiner DF. Construction and
selection of recombinant plasmids containing full-length com-
plementary DNAs corresponding to rat insulins I and II. PNAS
1979 76 5036±5040.

35 Gaboury CL, Karanja N, Holcomb SR, Torok J & McCarron DA.
Patterns of insulin secretion and responsiveness in Wistar±Kyoto
and spontaneously hypertensive rats. American Journal of
Hypertension 1991 4 661±666.

36 Iwase M, Nunoi K, Kikuchi M, Maki Y, Kodama T,
Sadoshima S et al. Morphometrical and biochemical
differences of endocrine pancreata between spontaneously
hypertensive and normotensive rats with or without
neonatal streptozotocin-induced diabetes. Laboratory Investi-
gations 1989 60 102±105.

37 HellerstroÈm C, Swenne I & Andersson A. Islet cell replication and
diabetes. In The Pathology of the Endocrine Pancreas in Diabetes, pp
141±170. Eds PJ LefeÁbvre & DH Pipeleers. Berlin, Heidelberg:
Springer-Verlag, 1988.

38 Hellman B. The effect of ageing on the number of islets in the rat.
Acta Endocrinologica 1959 32 78±91.

39 Xu G, Tanigawa K, Nakamura S, Kawaguchi M, Kati Y &
Tamura K. b-cell function and replication in spontaneously
hypertensive rats. Metabolism 1995 44 1360±1364.

40 Iwase M, Nunoi K, Himeno H, Yoshinari M, Kikuchi M, Maki Y
et al. Susceptibility to neonatal streptozotocin-induced diabetes in
spontaneously hypertensive rats. Pancreas 1994 9 344±348.

41 Iwase M, Kikuchi M, Nunoi K, Wakisaka M, Maki Y, Sadoshima S
et al. A new model of type 2 (non-insulin-dependent) diabetes
mellitus in spontaneously hypertensive rats. Diabetes induced by
neonatal streptozotocin treatment. Diabetologia 1986 29 808±
811.

42 Jansson L & Swenne I. Age-dependent changes of pancreatic islet
blood flow in the rat. International Journal of Pancreatology 1989 5
157±163.

43 Iida N. Different flow regulation mechanisms between celiac and
mesenteric vascular beds in conscious rats. Hypertension 1995
25 260±265.

44 Seki J. Flow pulsation and network structure in mesenteric
microvasculature of rats. American Journal of Physiology 1994
266 H811±H821.

45 LuÈ scher TF. Imbalance of endothelium-derived relaxing and
contracting factors. A new concept in hypertension? American
Journal of Hypertension 1990 3 317±330.

46 Meyer HH, Vetterlein F, Schmidt G & Hasselblatt A. Measure-
ments of pancreatic islet blood flow in the rat: effect of
isoproterenol and norepinephrine. American Journal of Physiology
1982 242 E298±E305.

47 Suschek C, Fehsel K, KroÈncke K-D, Sommer A & Kolb-Bachofen V.
Primary cultures of rat islet capillary endothelial cells. Constitutive
and cytokine-inducible macrophagelike nitric oxide synthases are
expressed and activities regulated by glucose concentration.
American Journal of Pathology 1994 145 685±695.

Received 21 March 2000

Accepted 11 October 2000

178 M Iwase and others EUROPEAN JOURNAL OF ENDOCRINOLOGY (2001) 144

www.eje.org


