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Abstract
Aims/hypothesis The endocrine pancreas comprises the islets of Langerhans, primarily consisting of beta cells, alpha cells and delta
cells responsible for secretion of insulin, glucagon and somatostatin, respectively. A certain level of intra-islet communication is
thought to exist, where the individual hormones may reach the other islet cells and regulate their secretion. Glucagon has been
demonstrated to importantly regulate insulin secretion, while somatostatin powerfully inhibits both insulin and glucagon secretion.
In this study we investigated how secretion of somatostatin is regulated by paracrine signalling from glucagon and insulin.
Methods Somatostatin secretion was measured from perfused mouse pancreases isolated from wild-type as well as diphtheria
toxin-induced alpha cell knockdown, and global glucagon receptor knockout (Gcgr–/–) mice. We studied the effects of varying
glucose concentrations together with infusions of arginine, glucagon, insulin and somatostatin, as well as infusions of antagonists
of insulin, somatostatin and glucagon-like peptide 1 (GLP-1) receptors.
Results A tonic inhibitory role of somatostatin was demonstrated with infusion of somatostatin receptor antagonists, which
significantly increased glucagon secretion at low and high glucose, whereas insulin secretion was only increased at high glucose
levels. Infusion of glucagon dose-dependently increased somatostatin secretion approximately twofold in control mice.
Exogenous glucagon had no effect on somatostatin secretion in Gcgr–/– mice, and a reduced effect when combined with the
GLP-1 receptor antagonist exendin 9-39. Diphtheria toxin-induced knockdown of glucagon producing cells led to reduced
somatostatin secretion in response to 12 mmol/l glucose and arginine infusions. In Gcgr–/– mice (where glucagon levels are
dramatically increased) overall somatostatin secretion was increased. However, infusion of exendin 9-39 in Gcgr–/– mice
completely abolished somatostatin secretion in response to glucose and arginine. Neither insulin nor an insulin receptor antag-
onist (S961) had any effect on somatostatin secretion.
Conclusions/interpretation Our findings demonstrate that somatostatin and glucagon secretion are linked in a reciprocal feed-
back cycle with somatostatin inhibiting glucagon secretion at low and high glucose levels, and glucagon stimulating somatostatin
secretion via the glucagon and GLP-1 receptors.
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Abbreviations
DT Diphtheria toxin
DT-Gcg Diphtheria toxin-induced glucagon knockdown

Ex9 Exendin 9-39
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Introduction

The endocrine pancreas comprises the islets of Langerhans,
which are scattered in the exocrine pancreas. The islets are micro
organs consisting of about a couple of hundred to a couple of
thousand endocrine cells, including the beta cells, alpha cells,
delta cells, pancreatic polypeptide cells and epsilon cells. These
cells are responsible for the secretion of insulin, glucagon,
somatostatin, pancreatic polypeptide and ghrelin, respectively.
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The somatostatin-producing delta cells comprise ~5% of the islet
cells [1]. A certain level of intra-islet communication is thought
to exist, where the individual hormones may reach and regulate
the secretion of other islet cells, either via diffusion through the
interstitial fluid or via transportation by the islet microcirculation.
Based on the ‘intra-islet hypothesis’, the anatomical correlate of
which is that bloodwithin the islets flows from beta cells to alpha
cells to delta cells, the local actions of somatostatin would be
expected to be negligible [2, 3], while secreted somatostatin
would be expected to be exported for extra-islet actions. This
view is, however, difficult to reconcile with the extremely rapid
degradation of somatostatin in circulation, which makes even a
several-fold increase in the local secretion undetectable in the
peripheral circulation [4, 5]. Attempts to reveal the intra-islet
paracrine actions with immunoneutralisation have given conflict-
ing results with both positive effects by retrograde perfusion of
the pancreas [6], and no effect on insulin or glucagon secretion
[7]. However, the well-established expression of somatostatin
receptors on both alpha- and beta cells renders both cell types
sensitive to the inhibitory influence of somatostatin [8–10].
Furthermore, in the perfused rat and mouse pancreas, infusion
of somatostatin receptor antagonists resulted in increased gluca-
gon secretion [11, 12], suggesting that somatostatin tonically
inhibits glucagon secretion. Studies in mice with a genetic
disruption of the gene encoding somatostatin supported the idea
that both glucagon and insulin secretion are under tonic inhibi-
tory control by somatostatin [13]. Thus, a role for somatostatin in
the regulation of at least glucagon secretion seems established,
but the converse: a paracrine regulation of somatostatin secretion
by the other islet cells, has not been investigated in depth.
Exogenous glucagon has been demonstrated to stimulate insulin
secretion through glucagon and glucagon-like peptide 1 (GLP-1)

receptors [14–17]. Somatostatin secretionmay also be stimulated
by glucagon [16, 17], but only few studies have investigated
somatostatin secretion. There is little agreement regarding the
possible effects of insulin, with either no or an inhibitory effect
on glucagon secretion [18], and variable effects on somatostatin
secretion in some studies [18, 19], and no effect of insulin on
somatostatin secretion in other studies [20].

Here we investigated the secretion of somatostatin and how it
is affected by glucagon and insulin, using the perfused mouse
pancreas as an experimental model. Because of clear effects of
exogenous glucagon on somatostatin secretion, we selected a
range of complementary genetic and pharmacological
approaches to disrupt local glucagon signalling. Thus, to elimi-
nate glucagon secretion from the alpha cells, a transgenic mouse
strain with diphtheria toxin (DT)-induced destruction of
proglucagon-producing alpha cells was used [21]. For estimation
of the importance of glucagon receptors, we used mice with
global knockout of Gcgr (Gcgr–/–) [22], and regarding the
GLP-1 receptor we used the GLP-1 receptor antagonist exendin
9-39 (Ex9).

Methods

Mice

All experiments were conducted in compliance with our animal
experiment license (2008/561-1491) issued by the Danish
Committee for Animal Research, and approved by the local
animal welfare committee at the University of Copenhagen.
Studies were conducted in male mice 8–16 weeks of age,
housed up to eight per cage and kept on a 12 h light–dark cycle
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with free access to standard chow and water. Randomisation
was not considered relevant in these studies.

Perfusion experiments were performed with pancreases
from both wild-type C57BL6/J mice (Taconic, Denmark), or
mice with DT-induced knockdown of proglucagon-producing
cells (DT-Gcg) which received i.p. injections of 10 ng DT/g
body weight on days 1, 3 and 5 followed by perfusion 10 days
after the last injection [14], or global glucagon receptor knock-
out (Gcgr–/–) mice as previously described [14, 21, 22]. The
latter two studies included littermate control mice.

Perfused mouse pancreas

Pancreas perfusions were performed as previously
described [14]. Briefly described, mice were anaesthetised
with i.p. injection of ketamine (90 mg/kg; Ketaminol Vet.;
MSD Animal Health, USA) and xylazine (10 mg/kg;
Rompun Vet; Bayer Animal Health, Germany). The intes-
tine, spleen, stomach and kidneys were tied off. The aorta
was ligated proximally to the coeliac artery, and a catheter
was inserted into the abdominal aorta allowing arterial
perfusion with a modified Krebs–Ringer bicarbonate buff-
er (0.1% BSA, 5% (wt/vol.) dextran in addition). Venous
effluent was collected via a catheter in the portal vein. The
perfusion system (UP-100 universal perfusion system,
Hugo Sachs Elektronik, Germany) maintained constant
flow of 1 ml/min, perfusion buffer was heated and oxygen-
ated (95% O2, 5% CO2) and pressure was monitored
throughout the experiment (40–50 mmHg). Experiments
exhibiting significant changes in pressure or flow (>20%)
were terminated and discarded.

Experimental protocols

After surgery and after perfusion with medium was initiated,
the pancreas was allowed to stabilise for 30 min with the same
perfusion medium and glucose concentration as that used
immediately thereafter.

Protocol A In one series of experiments (n = 5–13), glucagon
(0.1, 1 or 10 nmol/l; Sigma-Aldrich, USA), insulin (0.1–
1 μmol/l; Actrapid, Novo Nordisk, Denmark), GLP-19-36
(10 nmol/l; Bachem, Switzerland), amino acid mix (arginine,
glutamine, glutamate and alanine; 10 mmol/l of each), or
somatostatin-14 (0.1 nmol/l; Bachem, Switzerland) were
infused for 10–20 min at 3.5 or 12 mmol/l glucose separated
by 20 min rest periods to allow secretion to return to basal
level. Insulin receptor antagonist S961 (1 μmol/l; kind gift
from Lauge Schäffer, Novo Nordisk, Denmark [23]), GLP-1
receptor antagonist Ex9 (1 μmol/l; Bachem, Switzerland), or
somatostatin receptor antagonists PRL2915 + PRL3195
(H-6056 and H-5884; Bachem, Switzerland); 1 μmol/l of
each) were infused at 3.5 or 12 mmol/l glucose.

Protocol B In a second set of experiments (n = 7–11), the
pancreases were perfused at low glucose (3.5 mmol/l) follow-
ed by a switch to high glucose concentration (12 mmol/l) in
the perfusion buffer.

In all experiments, L-arginine (10 mmol/l) was infused as
positive control stimulus for 5 min periods during both
glucose concentrations. In this series of experiments, inade-
quate control responses were not observed and did not lead to
discard of any experiments. Experiments were carried out in
wild-type mice ± GLP-1 receptor antagonist Ex9 (1 μmol/l;
Bachem, Switzerland), DT-Gcg mice and Gcgr–/– mice, and
each group was compared with their appropriate littermate
control group [14].

Hormone analyses

Hormone concentrations in the perfusion effluent were
measured using in-house radioimmunoassays. Somatostatin
concentrations were determined using a rabbit antiserum
(1758) raised against synthetic cyclic somatostatin,
recognising both somatostatin 14 and 28, also in linear forms
[12], somatostatin 14 as standard and 125I-labelled Tyr11-
somatostatin (Perkin-Elmer, USA) as tracer. Glucagon was
measured using a COOH-terminally directed antiserum
(4305), which measures fully processed glucagon as well as
N-terminally extended molecular forms [24]. Insulin was
measured using an antibody (2006-3) crossreacting strongly
with rodent insulin I and II [25]. Rat insulin was used as
standard. Sensitivities were below 1 pmol/l and intra-assay
coefficients of precision <6%. The technician/investigator
carrying out the hormone measurements was blinded to the
origin of the samples.

Statistical analyses

All statistical analyses were conducted using GraphPad Prism
7.0 (GraphPad Software, USA). Responses to arginine and
hormone infusions were evaluated by comparing mean
hormone secretion for 5 or 10 min periods prior to infusion
with hormone output during the infusion period using one-
way ANOVA analysis with Tukey post hoc test. Data are
expressed as mean ± SEM.

Results

Glucagon and insulin secretion is inhibited by
exogenous and endogenous somatostatin

Initially, we confirmed that 0.1 nmol/l somatostatin infusion
powerfully inhibits secretion of glucagon (Fig. 1a; p < 0.05)
and insulin (Fig. 1b; p < 0.01) in the perfused mouse pancreases.
This inhibitory effect on insulin and glucagon was further
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demonstrated with infusion of somatostatin receptor antagonists.
To obtain full blockade of the somatostatin receptor subtypes
expressed in the pancreatic islets, we used a cocktail of somato-
statin receptor antagonists PRL2915 and PRL3195, which are
inhibitors of somatostatin receptor (SSTR)2, SSTR3 and SSTR5
[26, 27]. This combination successfully blocked any effect of
exogenous somatostatin on insulin and glucagon secretion (Fig.
1c,d) and was used in the subsequent experiments. Glucagon
secretion increased ~1.8-fold (p < 0.01) at 3.5 mmol/l glucose,
and ~ 4.5-fold (p < 0.001; Fig. 1e,f) at 12 mmol/l glucose,
reflecting higher glucose-stimulated somatostatin levels.
Somatostatin receptor blockade had no effect on insulin secretion
at low glucose, but significantly increased insulin secretion at
12 mmol/l glucose (~2-fold, p < 0.01, Fig. 1g,h). Together, these
experiments confirmed the strong tonic inhibitory role of somato-
statin on glucagon and insulin secretion as previously demon-
strated [12]. Importantly, somatostatin does not seem to have an
inhibitory role on insulin secretion at low glucose, but only on
glucagon secretion.

Exogenous glucagon stimulates somatostatin
secretion through glucagon and GLP-1 receptors

Initially, glucagon (0.1, 1 and 10 nmol/l) was added to the arterial
perfusate of perfused pancreases at glucose levels of 3.5 and
12 mmol/l glucose (Fig. 2). However, basal somatostatin

secretion and responses to glucagon were low at 3.5 mmol/l
glucose (reflecting only weak glucose-stimulated somatostatin
secretion), and we therefore focused on investigating somatostat-
in at higher glucose concentrations. At 12 mmol/l perfusate
glucose levels, somatostatin secretion was significantly stimulat-
ed by 1–10 nmol/l glucagon infusions in pancreases of control
mice (~2-fold, **p< 0.01; Fig. 2c,d). When blocking the GLP-1
receptor by addition of antagonist Ex9, only 10 nmol/l glucagon
was able to significantly stimulate somatostatin secretion (Fig.
2e,f). In glucagon receptor knockout mice (Fig. 2g,h), glucagon
infusions at any dose failed to significantly stimulate secretion of
somatostatin, indicating that glucagon-induced somatostatin
secretion depends on both glucagon and GLP-1 receptors,
consistent with the finding that glucagon interacts with both
receptors [14, 28]. Combining glucagon and GLP-1 receptor
blockade by addition of Ex9 to Gcgr–/– mice, significantly
reduced the elevated basal somatostatin secretion of the Gcgr–/–

mice (p < 0.05; t test), indicating that basal somatostatin secretion
depends on both glucagon receptor and GLP-1 receptor signal-
ling (Fig. 2i,j).

Somatostatin secretion is not regulated by insulin in
perfused mouse pancreases

To test the paracrine effect of insulin signalling on somatostat-
in secretion, we initially infused different concentrations of
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Fig. 1 Insulin and glucagon secretion is regulated by somatostatin.
Insulin and glucagon secretion from perfused mouse pancreases during
infusion of 0.1 nmol/l somatostatin (a, b; n = 4), somatostatin + somato-
statin receptor antagonists (c, d), and somatostatin receptor antagonist (e–
h), at 3.5 mmol/l (a, c, e–h) and 12 mmol/l (b, d, g, h) glucose (n = 5–8).
Arginine (10 mmol/l) was used as positive control (c, d). (f, h) Mean

hormone output averaged over 10 min before and during infusion in (e)
and (g), respectively. Significance was tested by one-way ANOVA
(repeated measures). Data are shown as mean ± SEM. **p < 0.01,
***p < 0.001. Gluc, glucose; SST, somatostatin; SSTr ant, SST receptor
antagonist
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insulin to perfused mouse pancreases. Exogenous insulin had
no acute effect on somatostatin secretion at 3.5 or 12 mmol/l
glucose (Fig. 3a). Addition of the insulin receptor antagonist
S961 likewise had no effect on basal secretion, glucose- or
arginine-stimulated somatostatin secretion (Fig. 3b,c). To
verify that glucagon-stimulated somatostatin secretion does
not depend on insulin signalling, we infused glucagon (as
above) with continuous addition of S961 (Fig. 3d,e).
However, the exogenous glucagon infusions stimulated
somatostatin secretion to a similar degree as in control mice
(Fig. 2c), supporting the likelihood that insulin is not the main
driver behind glucagon-regulated somatostatin secretion. This
suggests that the effect of glucagon on somatostatin secretion
is not indirectly mediated via insulin (neither glucagon-
stimulated insulin secretion nor any other acutely stimulated
insulin secretion).

Endogenous glucagon signalling affects somatostatin
secretion

In pancreases from control mice (Fig. 4), somatostatin secre-
tion was significantly stimulated by arginine and 12 mmol/l
glucose (1.4–1.6 - fold;p < 0.05). In mice with DT-induced
knockdown of glucagon secretion (Fig. 4c, [14]), the somato-
statin response to 12 mmol/l glucose and arginine infusion
was completely lost compared with control mice (Fig. 4a,b).
Furthermore, total somatostatin output was reduced by DT
treatment (total response 973 ± 143 fmol/75 min vs 1820 ±
359 in control mice; p < 0.05). Infusion of GLP-1 and a mix
of amino acids (Arg, Gln, Glu, Ala) were able to significantly
(p < 0.01) stimulate somatostatin secretion in DT-Gcg mice,
indicating that the delta cells are still functional (Fig. 4d) and
capable of responding to strong stimuli. The GLP-1 receptor
antagonist Ex9 acutely reduced somatostatin secretion with
50% in wild-type mice (Fig. 4e) indicating that activation of
the GLP-1 receptor is important for somatostatin secretion.
This effect was lost in DT-Gcg mice where all proglucagon
products are knocked down (Fig. 4e) indicating a direct effect
mediated by GLP-1 receptor activation. Pancreases from
Gcgr–/– mice with dramatically increased glucagon levels
(Fig. 4h, [14]), exhibited an almost twofold increased total
somatostatin output compared with control mice (Fig. 4f,g).
Addition of the GLP-1 receptor antagonist Ex9 to perfused
Gcgr–/– or control pancreases reduced glucose-stimulated
secretion of somatostatin, and administration of Ex-9 to
perfused Gcgr–/– pancreases abolished all increments in
somatostatin secretion.

Discussion

Regulation of secretion of the pancreatic hormones and the
role of intra-islet communication has been investigated for
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Fig. 2 Exogenous glucagon stimulates somatostatin secretion through
glucagon and GLP-1 receptors. Somatostatin secretion from perfused
mouse pancreases during infusion of glucagon (0.1–10 nmol/l) at
3.5 mmol/l glucose (a, b) or 12 mmol/l glucose in control mice (c, d);
control mice + Ex9 (1 μmol/l; added 30 min before) (e, f); Gcgr–/– mice
(g, h); and Gcgr–/– mice + Ex9 (i, j). (b, d, f, h, j) Mean somatostatin
output averaged over 10 min before and during infusion of glucagon.
Significance was tested by one-way ANOVA (repeated measures)
comparing stimulated output vs respective basal output. Data are shown
as mean ± SEM; n = 6–12; *p < 0.05, **p < 0.01, ***p < 0.001. Gcg,
glucagon; SST, somatostatin
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many years, but several questions remain unanswered. The
complex structure of the individual pancreatic islets, the
confusing and species-specific arrangement of the microcircu-
lation, and the three predominating hormones, each with a
powerful regulating effect on the secretion of each other,
complicate the design of experiments and interpretation. It is
becoming increasingly clear that, by looking at single cells
types separately or isolated islets, deprived of the natural
microcirculation, one misses important paracrine effects that
each hormone and cell type exert on its surrounding cells,
because all substances reach the peripheral cells by uncon-
trolled diffusion.

In agreement with previous results [6, 12], we initially
confirmed that a complete blockade of all islet somatostatin
receptor subtypes increases the secretion of both glucagon and
insulin. The effects on glucagon secretion are profound at both
3.5 and 12 mmol/l glucose, indicating that endogenous
somatostatin is secreted and exerts paracrine effects at both
low and high glucose, although somatostatin secretion is
dependent on the prevailing glucose levels. Thus, at
12 mmol/l glucose, the proportionate effect of somatostatin
receptor antagonism is more pronounced, but glucagon secre-
tion is still lower compared with secretion at hypoglycaemia.
This could indicate that glucose plays a direct role in regulat-
ing glucagon secretion, and somatostatin is only partly respon-
sible for glucose-mediated glucagon secretion [29, 30].
Insulin secretion was only affected by somatostatin at
12 mmol/l glucose, demonstrating that a tonic inhibition by
endogenous somatostatin does not contribute to the very low
levels of insulin at low glucose levels, whereas a paracrine

inhibitory effect by local somatostatin plays a significant role
in the regulation of insulin secretion at higher glucose levels.
Having confirmed the profound influence of somatostatin on
glucagon secretion, we wished to investigate whether gluca-
gon also plays a role in somatostatin secretion.

Glucagon can directly stimulate somatostatin
secretion, independently of insulin

Studies have demonstrated that glucagon plays a role in stim-
ulating insulin secretion by a direct effect on glucagon and
GLP-1 receptors expressed on the beta cells [12, 14, 17]. A
similar effect of glucagon on somatostatin secretion has been
suspected based on reduced somatostatin secretion in response
to glucagon antibodies [2], in agreement with effects of exog-
enous glucagon effects in isolated islets [20, 31]. We here
demonstrate that exogenous glucagon stimulates somatostatin
secretion in the perfused mouse pancreas with preserved
microcirculation. The effect is greater at high glucose levels,
consistent with a stimulating effect of glucose on somatostatin
secretion, similar to what is found for beta cells.We and others
have previously demonstrated that both glucagon and GLP-1
receptors are expressed in delta cells, although at lower levels
than in beta cells [12, 32]. In the present experiments,
antagonising either the glucagon or GLP-1 receptor reduced
or completely abolished the effect of glucagon on somatostat-
in secretion, suggesting that both receptors are involved in
glucagon’s regulation of the delta cell. The significant reduc-
tion in somatostatin secretion with addition of a GLP-1 recep-
tor antagonist clearly demonstrated that activation of the GLP-
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Fig. 3 Somatostatin secretion is not directly regulated by insulin. (a–c)
Somatostatin secretion was measured from perfused mouse pancreases of
wild-type mice during infusion of insulin at 3.5 and 12 mmol/l glucose
(n = 8–10) (a), the insulin receptor antagonist S961 (1 μmol/l) at 3.5 and
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1 receptor is important for regulating somatostatin secretion.
Since glucagon can activate both glucagon and GLP-1 recep-
tors [14, 28], this would indicate a stimulating paracrine role
of endogenous glucagon/GLP-1 on somatostatin secretion.
Considering that the level of islet GLP-1 secretion is minimal
compared with glucagon [14], it is likely that this effect
reflects the actions of glucagon. Furthermore, the effect of
GLP-1 receptor antagonism was lost in DT-Gcg mice, indi-
cating that the effect of Ex9 is directly mediated by
proglucagon products. Other studies have suggested that insu-
lin can stimulate somatostatin secretion [18, 19], which could
mean that the effect of glucagon on somatostatin secretion
could be indirect, mediated through glucagon-induced insulin
secretion. However, addition of the insulin receptor antagonist
S961 had no influence on the effect of glucagon on somato-
statin secretion. Furthermore, addition of up to 1 μmol/l

insulin to the perfusate did not have any effect on somatostatin
secretion (Fig. 3) in line with previous studies [20, 33], and
infusion of insulin receptor antagonist S961 neither affected
basal nor glucose- or arginine-stimulated somatostatin secre-
tion. This suggests that insulin does not play a direct role in
paracrine regulation of somatostatin secretion in mice.

Somatostatin secretion requires normal intra-islet
glucagon signalling

To investigate the intra-islet paracrine effects of endogenous
glucagon on somatostatin secretion, we used transgenic
mouse models to disrupt glucagon signalling. We have previ-
ously utilised DT-induced destruction of proglucagon cells in
transgenic mice expressing the human DT receptor under
control of the proglucagon promoter to acutely knock down
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Fig. 4 Endogenous glucagon signalling affects somatostatin secretion
from perfused mouse pancreases. (a–b) Somatostatin and (c) glucagon
secretion from the pancreas of DT-Gcg and control mice perfused at 3.5
and 12 mmol/l glucose with infusion of arginine (n = 7–8; key in a also
applies to c). (d) Somatostatin secretion fromDT-Gcgmice in response to
10 nmol/l GLP-1 and amino acids (Arg, Glu, Gln, Ala) (n = 6). (e) Ex9
(1 μmol/l) infused at 12 mmol/l glucose in wild-type and DT-Gcg mice
(n = 5–6). (f–h) secretion from Gcgr–/– and Gcgr+/+ mouse pancreases
with or without addition of Ex9 (n = 7–11; in f, g Gcgr+/+ black/circles;

Gcgr–/–, purple/squares; Gcgr+/++Ex9, red/inverted triangles; Gcgr–/–+
Ex9, light blue/upright triangles). (b, g) Mean somatostatin output aver-
aged over 5 min before and during addition of glucose and arginine.
Significance was tested by one-way ANOVAwith post hoc Tukey adjust-
ment. Data are shown as mean ± SEM. *p < 0.05, **p < 0.01,
***p < 0.001 comparing wild-type littermates vs Gcgr–/–; †p < 0.05,
†††p < 0.001 comparing control vs DT-Gcg or Gcgr–/– ± Ex9. Data on
glucagon secretion (c, h) have been previously published elsewhere [14].
AA, amino acids; SST, somatostatin
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the alpha cells and thereby glucagon secretion. These mice
also exhibited significantly reduced insulin secretion, indicat-
ing that normal glucagon secretion is necessary to maintain
appropriate insulin secretion [14, 21]. We here report that
somatostatin secretion in these mice was likewise reduced
compared with control mice. They were still able to secrete
somatostatin in response to GLP-1 showing that the delta cells
are still functional although with a lower level of basal
somatostatin secretion. The lack of an arginine-stimulated
response may therefore reflect a need for a rise in glucagon
(which is lost in DT-Gcg mice) for arginine-stimulated
somatostatin secretion, whereas GLP-1 may directly stimulate
somatostatin through GLP-1 receptors on the delta cells.
However, it is also possible that a basic tone of glucagon
stimulation is required to maintain normal somatostatin secre-
tion, without which responses to other stimuli are lost.

Global Gcgr–/– mice have alpha cell hyperplasia and 20-fold
increased glucagon secretion, and to a lesser extent delta cell
hyperplasia [14, 22]. In these islets, we also identified increased
secretion of small amounts of active GLP-1 from the islets,
presumably reflecting a general increase in proglucagon forma-
tion comparedwith controlmice [14]. In the present experiments,
somatostatin secretion from Gcgr–/– mice was significantly
increased compared with control mice. This could be explained
by an increased GLP-1 receptor activation (from increased secre-
tion of glucagon as well as GLP-1). Consistent with this notion,
simultaneous blockade of glucagon and GLP-1 receptors termi-
nated somatostatin secretion, similar to what has previously been
shown for insulin secretion [14, 34]. In general, this would
suggest that glucagon does exhibit a stimulating effect on
somatostatin secretion and that alpha cells regulate the function
of both delta- and beta cells. The constitutive knockout of gluca-
gon receptors in the Gcgr–/– model has limitations due to
compensatory mechanisms taking place, and the hypersecretion
of proglucagon products complicates the overall picture.
However, combined with the other models, it demonstrates an
important role for glucagon acting directlywithin the pancreas on
the secretion of islet hormones. Experimental inhibition of gluca-
gon actions requires a simultaneous inhibition of both glucagon
andGLP-1 receptors. Likewise, the use of GLP-1 receptor antag-
onists not only blocks GLP-1 but also any potential action of
glucagon on GLP-1 receptors.

The role of somatostatin is still largely unresolved but its
strong ability to inhibit hormone secretion is indisputable.
Studies to investigate intra-islet communication are complicat-
ed by the fact that we cannot directly see what happens in each
islet. Glucagon seems to stimulate secretion insulin [14, 16, 34]
and somatostatin [2, 31, 35], while somatostatin plays a strong
inhibitory role on insulin and glucagon secretion, suggesting
that the islets are locked in a push–pull feedback regulation.
Considering the observed dysregulated insulin and glucagon
secretion in type 2 diabetes [36, 37], it is possible that somato-
statin could play a role in the development of type 2 diabetes

[32–34]. Moreover, it has been suggested that the use of
somatostatin receptor antagonists could potentially be used to
correct the impaired glucagon secretion observed in people with
type 2 diabetes in response to hypoglycaemia, where somato-
statin does not seem to affect insulin secretion, as demonstrated
in a rat model of diabetes [38–40]. The potential use of somato-
statin as a therapeutic tool makes it important to know more
about the secretion and actions of somatostatin in the pancreas
both in normal physiology and under diabetic conditions.
However, it is notoriously difficult to measure somatostatin in
plasma due to an almost immediate break down. In addition,
any surviving somatostatin in peripheral plasma might be
derived from all regions of the gastrointestinal tract or the pitu-
itary, not specifically from the pancreas. Furthermore, plasma
levels of somatostatin-14 or -28 are very low, challenging the
sensitivity of the applied assays. Therefore, most studies have
been performed on isolated cells/islets/pancreas. This would be
consistent with notions that somatostatin does not function as a
circulating hormone, but mainly acts as a paracrine regulator
acting locally on neighbouring cells in pancreatic islets and the
intestine. The potential importance of somatostatin as a para-
crine regulator has been demonstrated in several studies, where
stimulators of somatostatin secretion (e.g. GLP-1, ghrelin)
reduce glucagon and/or insulin secretion in a somatostatin-
dependent manner [11, 12, 32]. Furthermore, the strong inhib-
itory effect of somatostatin on glucagon secretion has been
suggested to play a role in glucose-reduced glucagon secretion
[13, 29]. Thus, in conditions with high glucose, somatostatin
secretion is increased and glucagon secretion reduced. The
current studies indicate that, not only is somatostatin likely to
profoundly regulate secretion of the alpha and beta cells, but
somatostatin secretion is itself regulated by glucagon secretion.
This might be important for both basal and amino acid-
stimulated somatostatin secretion, whereas insulin did not seem
to influence somatostatin secretion. Our results reinforce the
concept that the pancreatic islets function as a complex integrat-
ed endocrine organ with important paracrine feedback cycles,
tying the secretion by the many cell types together.
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