
Abstract

Aims/hypothesis. The aim of this study was to evalu-
ate the effects of induced hypoglycaemia on pancreat-
ic-islet blood flow in normal rats and in the GK rat, an
animal model of Type 2 diabetes which normally has
an increased islet blood perfusion.
Methods. A 50% reduction in blood glucose concen-
trations was achieved by intravenous administration of
a rapidly acting insulin (15 IU/kg body weight). Blood
flows were measured by a non-radioactive micro-
sphere technique.
Results. A pronounced decrease in islet blood flow
was observed in all animals, but preferentially in the
Type 2 diabetic GK rats. When a similar dose of insu-
lin was given to whole-pancreas transplanted rats only
islet blood flow in the native pancreas was decreased,
whereas that of the transplanted, i.e. denervated, pan-
creas was unchanged. Administration of 2-deoxy-D-
glucose, which induces intracellular glucopenia espe-

cially in neurons, also decreased islet blood flow de-
spite a systemic hyperglycaemia.
Conclusion/interpretation. Hypoglycaemia leads to a
preferential decrease in pancreatic-islet blood perfu-
sion. The effect is probably mediated by the central
nervous system, since 2-deoxy D-glucose-induced
neuronal glucopenia caused a similar decrease in
blood flow. The effects of islet blood flow are not
likely to be mediated by nervous stimulation of the
adrenal glands, with an associated release of cate-
cholamines, because the transplanted pancreas was
not affected by hypoglycaemia. The decreased islet
blood perfusion could possibly diminish the output of
insulin from the islets, thereby preventing a further
decrease in blood glucose concentrations. [Dia-
betologia (2003) 46:1124–1130]
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closely correlated to the metabolic demands and to the
need for insulin secretion [1].

Ambient blood glucose concentration seems to be
the most important single factor for the control of is-
let blood perfusion. Acute hyperglycaemia increases
islet blood flow mainly by acting on glucose recep-
tors within the brain, intestines and liver, which me-
diate effects on the pancreatic islets via the nervous
system [4, 5, 6, 7]. Animals with chronic hyperglyca-
emia, experimental-induced or spontaneous models of
Type 2 diabetes, have a strongly increased islet blood
flow [8, 9, 10, 11, 12]. At least in Type 2 diabetic GK
rats, this islet blood hyperperfusion seems glucose-
dependent [13] and related to increased vagal nerve
activity [11].

Pancreatic islet blood flow is regulated through com-
plex interactions between locally produced factors,
gastrointestinal neuropeptides and influences from the
nervous system [1]. Although a dissociation can occur
[2, 3], the degree of islet blood perfusion is normally



The effects of hypoglycaemia on islet blood perfu-
sion have been investigated, but have yielded conflicting
results. In an early study to induce hypoglycaemia, ex-
ogenous administration of insulin increased islet blood
flow [14], whereas a more recent study found no effects
on islet blood perfusion [15]. Tolbutamide in doses in-
ducing hypoglycaemia has increased islet blood flow
[16], whereas mild hypoglycaemia induced by starva-
tion decreased islet blood perfusion [2]. Some of these
discrepancies can be explained by the vasodilatory prop-
erties of insulin [17, 18, 19] and tolbutamide [20, 21].
We investigated the effects of insulin-induced hypo-
glycaemia and of 2-deoxy glucose, which inhibits neu-
ronal uptake of glucose and thereby induces a neuronal
glucopenia [22, 23] on islet blood flow. The importance
of the nervous system for the occurrence of changes in
hypoglycaemia induced by islet blood flow was further
evaluated by studies on denervated whole-pancreas
transplants. Moreover, GK rats and their F1-hybrids
were used as a model to investigate the influence of hy-
poglycaemia on islet blood flow in Type 2 diabetes.

Materials and methods

Animals. Male Sprague-Dawley rats, weighing 325 to 350 g,
were obtained from a local breeding colony (Biomedical Cen-
tre, Uppsala, Sweden). Inbred Wistar-Furth rats, weighing
300 g, were purchased from Möllegaard (Ry, Denmark). Wistar
rats, weighing 300 to 350 g were obtained from B&K (Sollen-
tuna, Sweden), whereas Goto-Kakizaki (GK) and hybrids be-
tween GK and Wistar rats were obtained from a local breeding
colony (Department of Endocrinology, Karolinska Institute,
Stockholm, Sweden) established in 1988 with breeding cou-
ples from the colony at the Tohoku University School of Medi-
cine (Sendai, Japan). The GK strain originated from normal
Wistar rats, which were bred using glucose intolerance as a se-
lection index [24, 25, 26]. All animals had free access to tap
water and pelleted rat food. All experiments were approved by
the local animal ethics committee for Uppsala University and
followed the "Principles of laboratory animal care (NIH publi-
cation no. 85–23, revised 1985).

Blood flow measurements after insulin administration. The rats
were anesthetized with an intraperitoneal injection of pento-
barbital (60 mg/kg; Mebumal; Apoteksbolaget, Umeå, Swe-
den), heparinized and placed on an operating table maintained
at body temperature. Polyethylene catheters were inserted into
the ascending aorta and the left femoral artery. The former
catheter was connected to a pressure transducer (PDCR 75/1;
Druck, Groby, UK). When the blood pressure had remained
stable for at least 15 min an intravenous injection of 15 IU/kg
of insulin (Actrapid Human; Novo Nordisk, Bagsvaerd, Den-
mark) or the corresponding volume (0.2 ml) of diluting medi-
um (Novo Nordisk) was given. Then regional blood flow was
measured by using a non-radioactive microsphere technique
[27] 30 min later.

Arterial blood was collected from the carotid catheter to mea-
sure blood glucose and serum insulin concentrations as given be-
low. The animals were then killed, and the pancreas and adrenal
glands were removed, weighed and treated with a freeze-thawing
technique, which visualised the pancreatic islets and micro-
spheres [28]. In the Sprague-Dawley rats also approximately
100 mg each of the duodenum (around the papilla), ileum (termi-

nal part), colon (descending part), liver (anterior lobe) and a slice
from the mid-region of the right kidney encompassing both cor-
tex and medulla (~150–200 mg of each) were removed and treat-
ed in the same way. The microspheres in organs and arterial
blood were then counted in a microscope (Wild M3Z; Wild 
Heerbrugg, Heerbrugg, Switzerland). The blood flow values
were calculated according to the formula: Qorg=Qref×Norg/Nref
where Qorg is organ blood flow (ml/min), Qref is withdrawal rate
of the reference sample, Norg is number of microspheres present
in the organ and Nref is the number of microspheres in the refer-
ence sample. A difference of less than 10% in the blood flow to
the adrenal glands was used to confirm that the microspheres
were adequately dispersed in the circulation.

Blood flow measurements after administration of 2-deoxy glu-
cose. The surgical preparation was carried out as described
above. 2-deoxy glucose (Sigma) was dissolved in saline, and
then administered intravenously (3 mmol/kg body weight) 5 min
before the blood flow measurements. Control animals were giv-
en the same volume (2 ml/kg body weight) of saline alone.
Blood flow was measured with the microsphere technique re-
ferred to above. Only the blood perfusion to the whole pancreas,
islets and the adrenal glands was assessed in these animals.

Pancreatico-duodenal transplantations. This procedure has
been described in detail elsewhere [29]. The animals were sur-
gically prepared to measure blood flow 14 days after transplan-
tation. An intravenous injection of human insulin (15 IU/kg;
Actrapid Human; Novo) or a similar volume of diluting medi-
um (Novo) was then given. After 30 min the blood flow values
to the whole native and transplanted pancreata, the islets in
both glands and the native and transplanted duodenum were
measured with the microsphere technique.

Measurements of blood glucose and serum insulin concentra-
tions. Blood glucose concentrations were measured with test
reagent strips (Medisense; Baxter Travenol, Deerfield, Ill.,
USA). Serum insulin concentrations were measured with ra-
dioimmunoassay (Insulin RIA Kit; Pharmacia-Upjohn, Uppsa-
la, Sweden) using a rat insulin standard (Novo).

Statistical calculations. All values are given as means ± SEM.
Probabilities (p) of chance differences were calculated with
Students unpaired t test or ANOVA with Fisher’s protected
least significant difference test. A p value of less than 0.05 was
considered to be statistically significant.

Results

Effects of insulin administration in normal rats. Ad-
ministration of insulin to Sprague-Dawley rats caused
a pronounced decrease in their blood glucose concen-
trations, which was observable already after 15 min,
but was more prominent 30 min after the insulin injec-
tion (Table 1). There were no changes in the mean ar-
terial blood pressure in any of the rats (Table 1). Insu-
lin administration only tended to decrease blood flow
in the whole pancreas (NS, Table 1), but substantially
reduced islet blood flow (Fig. 1). The fraction of
whole pancreatic blood flow diverted through the is-
lets decreased from approximately 9% to 5%. Insulin
administration induced an increase in adrenal and ar-
terial hepatic blood flow, but did not change the blood
perfusion of the other examined organs (Table 2).
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When insulin was given to whole-pancreas trans-
planted Wistar Furth rats it also induced pronounced
hypoglycaemia (Table 3). No effects on the mean arte-
rial blood pressure or the blood perfusion of the native
or transplanted pancreas were observed after insulin
injection (Table 3). Neither could any change in the

blood perfusion of the native or transplanted duode-
num be seen. The islet blood flow, however, was low-
ered only in the native pancreas but not in the trans-
planted gland after insulin administration (Fig. 2).

Effects of 2-deoxy glucose in normal rats. Administra-
tion of this substance increased blood glucose concen-
trations (Table 4). No changes in mean arterial blood
pressure were seen (Table 4). An increased whole pan-
creatic blood flow was seen after administration (Ta-
ble 4), whilst islet blood flow was decreased by ap-
proximately 40% (Fig. 3).

Table 1. Effects of insulin on blood glucose concentrations,
mean arterial blood pressure and pancreatic blood flow in
Sprague-Dawley rats

Substance given Vehicle Insulin

No of experiments 10 9
Blood glucose concentration 5.8±0.05 2.5±0.3a

(mmol/l)
Mean arterial blood pressure 104±3 111±9

(mm Hg)
Total pancreatic blood flow 0.47±0.08 0.34±0.05

(ml/min × g pancreas)

Values are given as means ± SEM. adenotesp<0.001 when
compared to vehicle-treated rats

Fig. 1. Islet blood flow in Sprague-Dawley rats 30 min after an
intravenous injection of 0.2 ml of a rapidly acting insulin
(15 IU/kg) or vehicle. Values are given as means±SEM. *de-
notes p<0.01 when compared to vehicle-treated rats

Fig. 2. Islet blood flow in the native (black bars) and trans-
planted (hatched bars) pancreas of Wistar Furth rats 14 days
after a syngeneic pancreaticoduodenal transplantation. The ani-
mals were injected intravenously with 0.2 ml of a rapidly act-
ing insulin (15 IU/kg) or vehicle rats 30 min before measure-
ments. Values are given as means±SEM. *denotes p<0.01
when compared to vehicle-treated rats

Table 2. Effects of insulin on organ blood flow in Sprague-Daw-
ley rats. All values are given in ml/min×g organ wet weight

Substance given Vehicle Insulin

No of experiments 10 9
Duodenal blood flow 0.97±0.12 0.76±0.16
Ileal blood flow 0.42±0.05 0.46±0.04
Colonic blood flow 0.26±0.04 0.25±0.05
Arterial hepatic blood flow 0.07±0.02 0.18±0.04b

Renal blood flow 3.34±0.48 2.43±0.26
Adrenal blood flow 1.84±0.26 3.04±0.45a

Values are given as means ± SEM. adenotesp<0.05 and
bp<0.02 when compared to vehicle-treated rats

Fig. 3. Islet blood flow in Sprague-Dawley rats 5 min after an
intravenous injection of 20 ml/kg bodyweight of 2-deoxy-D-
glucose (3 mmol/kg body weight) dissolved in saline or saline
alone. Values are given as means±SEM. *denotes p<0.01 when
compared to saline-treated rats
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Effects of insulin administration in GK rats. Both
GK rats and F1-hybrids between GK and Wistar rats
had higher blood glucose concentrations, when com-
pared to control Wistar rats (Table 5). Administration
of insulin decreased blood glucose concentrations in
all animals (Table 5). Mean arterial blood pressure
was similar in all animals and was not affected by in-
sulin administration (Table 5). Basal islet blood flow
was higher in the GK rats than in the control rats
(Fig. 4). Insulin injection decreased whole pancreatic
blood flow (Table 5), but preferentially islet blood
flow (Fig. 4) in all rats. A more pronounced decrease
in islet blood flow was observed in the GK rats
(Fig. 4). After insulin administration there were no
differences in islet blood perfusion between GK and
control rats.

Discussion

A consistent decrease in pancreatic islet blood flow
was observed in all investigated rat strains in re-

Table 3. Effects of insulin on blood glucose concentrations, mean arterial blood pressure, native pancreatic and transplanted pan-
creatic blood flow in Wistar-Furth rats 14 days after a syngeneic pancreatico-duodenal transplantation

Substance given Vehicle Insulin
No of experiments 6 6

Pancreas Native Transplanted Native Transplanted

Blood glucose (mmol/l) 5.5±0.5 2.6±0.3a

Mean arterial blood pressure (mmHg) 97±5 94±6
Pancreatic blood flow 0.45±0.10 0.60±0.12 0.34±0.07 0.47±0.14

Values are given as means ± SEM. adenotesp<0.01 when compared to the vehicle-treated rats

Table 4. Effects of 2-deoxy-D-glucose on blood glucose concentrations, mean arterial blood pressure and pancreatic blood flow in
Sprague-Dawley rats

Substance given Saline 2-deoxy-D-glucose
No of experiments 9 9

Blood glucose concentration (mmol/l) 6.3±0.4 14.4±0.9b

Mean arterial blood pressure (mmHg) 108±6 116±3
Pancreatic blood flow (ml/min×g pancreas) 0.37±0.07 0.52±0.05a

Values are means ± SEM. adenotesp<0.05 and bp<0.001 when compared to saline-injected rats

Table 5. Effects of insulin on blood glucose, mean arterial blood pressure and pancreatic blood flow in Wistar, GK or F1-hybrids
between GK and Wistar rats

Strain Wistar Wistar F1-hybrid F1-hybrid GK GK
Substance given Vehicle Insulin Vehicle Insulin Vehicle Insulin
No of experiments 6 6 6 6 8 8

Blood glucose (mmol/l) 5.4±0.2 3.4±0.2d 8.3±0.5b 3.8±0.3d 8.3±0.2b 3.7±0.3d

Mean arterial blood pressure (mmHg) 110±4 115±6 121±2 118±5 113±7 101±7
Pancreatic blood flow 0.85±0.10 0.55±0.05c 0.82±0.12 0.44±0.08c 1.04±0.16 0.36±0.04a,d

(ml/min×g pancreas)

Values are given as means ± SEM. adenotes p<0.05 and bp<0.001 when compared to the corresponding group of Wistar rats. cde-
notesp<0.05,and dp<0.001 when compared with the corresponding vehicle-treated rats

Fig. 4. Islet blood flow in Wistar rats, GK rats and F1-hybrids
of GK and Wistar rats 30 min after an intravenous injection of
0.2 ml of a rapidly acting insulin (15 IU/kg; hatched bars) or
vehicle (black bars). Values are given as means±SEM. *de-
notes p<0.05 when compared to Wistar rats, whereas †denotes
p<0.01 and ††p<0.001 when compared to vehicle-treated rats



sponse to insulin-induced hypoglycaemia. This is in
contrast to previous studies, also using the micro-
sphere technique, where either an increased [14] or an
unchanged [15] islet blood flow was recorded. The
reasons for the discrepancy between these studies are
not known. Compared to most studies on islet blood
flow in adult rats [1, 10, 12, 31, 32] one group [14]
obtained a considerably lower value (~2% vs 7–20%)
for the control rats. Such low islet blood flow values
have previously only been recorded in very young an-
imals [16, 33, 34]. Another group [15] used an ele-
gant technique with repeated injections of micro-
spheres in conscious rats and showed no influence of
insulin-induced hypoglycaemia on islet blood flow.
The differences in the results on islet blood flow
could therefore be explained by the use of anaesthesia
or lack thereof. However, although the technique
used with repeated injection of microspheres enables
paired observations, it relies on the basic concept that
the distribution of a second microsphere injection is
not influenced by the first injection. As recently eval-
uated [15, 35], such influence might not occur in un-
treated animals, although it critically depends on the
embolized mass in the body. Occlusion of too many
capillary beds after the first injection causes an erro-
neous increase in both whole pancreatic and islet
blood flow as measured by a second microsphere in-
jection [35]. It is therefore not certain that a decrease
in islet blood flow is easily detectable with the re-
peated microsphere technique, especially with a rath-
er high dose of microspheres (400 000 in each injec-
tion) [15]. In view of this, as well as the consistency
in our findings in different strains of a decreased islet
blood flow in conjunction with hypoglycaemia, it is
likely that insulin-induced hypoglycaemia causes a
reduction in islet blood perfusion.

In previous work [4, 5, 6], changes in glucose-de-
pendent islet blood flow preferentially depend on
nerve-mediated signals. Therefore, the islet blood
flow response to hypoglycaemia was further evaluated
by administration of 2-deoxy glucose, which by inter-
fering with neuronal glucose metabolism induces a se-
lective neuronal glucopenia [22, 23]. This means that
the substance causes a systemic hyperglycaemia,
which in itself usually increases islet blood flow [27].
In our study, however, a decrease in islet blood flow
was observed. This supports the notion that hypo-
glycaemia decreases islet blood flow through nervous
mechanisms. However, the drug could have other ef-
fects affecting islet blood flow, e.g. by induction of
hyperinsulinaemia. To further examine the mecha-
nisms behind the decreased islet blood flow during
hypoglycaemia, we studied islet blood flow in both
the native and transplanted gland 2 weeks after a
whole-pancreas transplantation, i.e. at a time point
when the gland is functionally denervated, but when
the graft pancreatitis has disappeared [29]. Insulin-
induced hypoglycaemia decreased islet blood flow on-

ly in the native, but not in the transplanted gland. The
findings suggest that catecholamines released from the
adrenal glands in response to increased sympathetic
nervous activity are not likely to be responsible for the
changed islet blood flow because the transplanted
glands would also have been affected by circulating
substances. The possibility that denervation would de-
crease the sensitivity of the graft to circulating cate-
cholamines is not likely, as its reactivity to other ad-
renergic substances is unchanged [36]. Furthermore,
denervation is more likely to lead to a hypersensitivity
of adrenergic receptors [37]. The possible reason for
the lack of hypoglycaemia-induced effects on islet
blood flow within the transplanted gland is denerva-
tion of the gland, and thereby an abolishment of influ-
ences from the nervous system.

The exact nature of the nerves involved in the hy-
poglycaemia-induced islet blood flow decrease is not
known. Influence on islet blood flow has been shown
to be exerted by vagal [4], sympathetic [3, 6, 33, 38],
as well as peptidergic [39] nerves. Activation of all
these nervous systems also seems to occur in the pan-
creas and its islets in response to hypoglycaemia [40].

The GK rat is a non-obese animal model of heredi-
tary Type 2 diabetes mellitus characterised by im-
paired glucose tolerance and mild hyperglycaemia
[24, 25]. The animals have aberrations in glucose me-
tabolism and stimulus-secretion coupling within the
beta cells [41, 42, 43, 44, 45, 46]. Impairment of beta-
cell function, although less pronounced, is also pres-
ent in the F1-hybrids of GK and Wistar rats [46]. In
general, increased functional demands on the pancre-
atic islets are associated with an islet blood hyperper-
fusion [1]. In line with this, an increased islet blood
flow is seen in Type 2 diabetic GK rats and their F1-
hybrids, but also disturbances in islet blood flow regu-
lation [10, 11, 13, 47, 48]. The decreased islet blood
perfusion that we observed in normal rats in response
to hypoglycaemia is theoretically advantageous during
hypoglycaemia, as it could reduce the dispersal of in-
sulin to the peripheral circulation, thereby diminishing
the degree of hypoglycaemia. Since insulin therapy,
frequently also given to lean Type 2 diabetic patients,
increases the risk of hypoglycaemic episodes, such de-
fense could be important. We investigated the influ-
ence of insulin-induced hypoglycaemia on islet blood
perfusion in Type 2 diabetic GK rats. Although neuro-
pathic changes are known to occur in diabetic GK rats
[49, 50], an even more pronounced decrease in islet
blood flow occurred in the GK rats than in normal
rats. Of interest, diabetic GK rats and their hybrids
have been shown to have an increased islet blood flow
during normal conditions dependent on a glucose-de-
pendent mechanism mediated by the vagus nerve [11,
13]. Whether also the more pronounced hypoglycae-
mia-induced decrease in islet blood flow in GK rats
compared to normal rats, relates to changed vagal ner-
vous activity is not known.
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In normal rats, whole pancreatic blood flow was un-
changed (Sprague-Dawley, Wistar-Furth) or slightly
decreased (Wistar) in response to insulin-induced hy-
poglycaemia. The former result is consistent with pre-
vious findings [14]. In contrast, an increased whole
pancreatic blood flow was observed in Sprague-Daw-
ley rats [15]. The reasons for this difference are not
known, but could reflect the use of anaesthesia or erro-
neous measurements when using the repeated micro-
sphere injection approach. Although the decrease was
not as substantial as that in islet blood flow, especially
GK rats but also their F1-hybrids, responded with a
pronounced decrease in total pancreatic blood flow to
insulin-induced hypoglycaemia. Not only islet blood
flow, but also whole pancreatic blood flow, have been
observed to depend on an increased vagal nervous ac-
tivity in GK rats and their F1-hybrids [11, 47].

In our study, the influence of insulin-induced hypo-
glycaemia on several other abdominal organs than the
pancreas was examined in Sprague-Dawley rats. An
increased adrenal and arterial hepatic blood flow was
seen whereas other regional circulations were not af-
fected. Increased secretion of catecholamines is well
known to occur in response to hypoglycaemia [40].
Our study shows that this is related to increased adre-
nal blood flow. Increased blood flow in the superior
mesenteric artery occurs during insulin-induced hypo-
glycaemia [51].

In conclusion, a consistent finding in our study was
the association between hypoglycaemia and a de-
creased islet blood flow. The nervous system seems to
be of crucial importance for this response. From a te-
leological point of view it can be argued that a de-
creased islet blood perfusion could be advantageous
during hypoglycaemia, since it can reduce the dispers-
al of insulin to the peripheral circulation, thereby di-
minishing the degree of hypoglycaemia.
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