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Intra-islet glucagon signalling regulates
beta-cell connectivity, first-phase insulin
secretion and glucose homoeostasis
K. Suba1,2, Y. Patel 2, A. Martin-Alonso 2, B. Hansen1, X. Xu 1, A. Roberts 2, M. Norton 2, P. Chung 2,
J. Shrewsbury2, R. Kwok 2, V. Kalogianni 2, S. Chen 2, X. Liu 2, K. Kalyviotis1, G.A. Rutter 3,4,5, B. Jones2,
J. Minnion2, B.M. Owen 2, P. Pantazis 1, W. Distaso6, D.J. Drucker7, T.M. Tan 2, S.R. Bloom 2, K.G. Murphy2,
V. Salem1,2,4,*
ABSTRACT

Objective: Type 2 diabetes (T2D) is characterised by the loss of first-phase insulin secretion. We studied mice with b-cell selective loss of the
glucagon receptor (Gcgrfl/fl X Ins-1Cre), to investigate the role of intra-islet glucagon receptor (GCGR) signalling on pan-islet [Ca2þ]I activity and
insulin secretion.
Methods: Metabolic profiling was conducted on Gcgrb-cell�/� and littermate controls. Crossing with GCaMP6f (STOP flox) animals further
allowed for b-cell specific expression of a fluorescent calcium indicator. These islets were functionally imaged in vitro and in vivo. Wild-type mice
were transplanted with islets expressing GCaMP6f in b-cells into the anterior eye chamber and placed on a high fat diet. Part of the cohort
received a glucagon analogue (GCG-analogue) for 40 days and the control group were fed to achieve weight matching. Calcium imaging was
performed regularly during the development of hyperglycaemia and in response to GCG-analogue treatment.
Results: Gcgrb-cell�/� mice exhibited higher glucose levels following intraperitoneal glucose challenge (control 12.7 mmol/L � 0.6 vs. Gcgrb-
cell�/� 15.4 mmol/L � 0.0 at 15 min, p ¼ 0.002); fasting glycaemia was not different to controls. In vitro, Gcgrb-cell�/� islets showed profound
loss of pan-islet [Ca2þ]I waves in response to glucose which was only partially rescued in vivo. Diet induced obesity and hyperglycaemia also
resulted in a loss of co-ordinated [Ca2þ]I waves in transplanted islets. This was reversed with GCG-analogue treatment, independently of weight-
loss (n ¼ 8).
Conclusion: These data provide novel evidence for the role of intra-islet GCGR signalling in sustaining synchronised [Ca2þ]I waves and support a
possible therapeutic role for glucagonergic agents to restore the insulin secretory capacity lost in T2D.

� 2024 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. INTRODUCTION

The earliest hallmark of type 2 diabetes (T2D) is the loss of first-phase
insulin secretion [1]. More recently it is recognised that the disordered
insulin secretion that occurs in T2D is associated with altered func-
tional connectivity between b-cells within the islet [2,3]. Insulin
secretion is closely related to islet-wide [Ca2þ]I oscillatory activity [4]
and there is increasing attention turned towards understanding the
islet of Langerhans as a functional unit. b-cell heterogeneity, specif-
ically subpopulations of b-cell hubs or first responders [5e8], are
thought to be important in the control of coordinated insulin release
from pancreatic islets. However, electrical coupling alone, via ionic gap
junctions, is not enough to explain the observed connectivity patterns
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between b-cells [9], which prompted us to look at the modulatory role
of paracrine factors, in particular a-cell-derived glucagon.
Glucagon is typically described as a counter-regulatory hormone to
insulin, acting in the fasting state to raise blood glucose via hepatic
glycogenolysis and gluconeogenesis. However, glucagon signalling
has pleiotropic effects which are increasingly recognised, and its role
in diabetes remains to be fully elucidated [10]. The insulinotropic
effects of glucagon have been known for many years [11]. Glucagon
infusions in healthy [12] and non-obese subjects with T2D [13] result
in a rapid and substantial increase in plasma insulin levels under
hyperglycaemic conditions. With the recent focus on targeting the
glucagon receptor to treat diabetes, the role of intra-islet glucagon
signalling is of increasing interest. Most of our understanding of the
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intra-islet effects of glucagon has come from in vitro or ex vivo studies
[14,15] using isolated islets and high concentrations of glucagon.
These corroborate the insulinotropic effects of glucagon, but attribute
them, at least in part, to b-cell GLP-1 receptor activation [16e19],
since intra-islet levels of glucagon may be higher than systemic levels
and glucagon can activate the GLP-1 receptor at high concentrations
[20]. Glucagon can have direct effects on multiple individual b-cells,
likely via its effects on intracellular cAMP signalling, but this may also
act to modulate how cells in the pancreatic islet are coupled elec-
trically, potentially influencing how their activity is coordinated.
Overall, it remains poorly understood how intra-islet glucagon aug-
ments b-cell function, over what dynamic range, and the physiolog-
ical and pharmacological relevance of intra-islet glucagon receptor
activation.
We aimed to characterise the effects of b-cell selective loss of the
glucagon receptor (GCGR) on islet connectivity and insulin secretion.
We hypothesised that intra-islet GCGR signalling contributes to the
maintenance of islet-wide b-cell functional connectivity and normal
insulin secretion. We then examined whether glucagon receptor
agonist therapy in the setting of obesity-induced dysglycaemia directly
restores islet b-cell functional connectivity.

2. RESULTS

2.1. Gcgrb-cell�/� islets have normal expression levels of b-cell
identity and “disallowed” genes, but display disturbed insulin
secretion profiles
Mice on a C57BL/6J background were bred to knock out the glucagon
receptor (GCGR) selectively in b-cells (Gcgrb-cell�/�) using the model of
Gcgrfl/fl crossed with an Ins1Cre line (see Methods for full details). The
islets of these mice were isolated at 12 weeks of age. Quantification of
mouse GCGR mRNA using qPCR on whole islets revealed a large
reduction in GCGR expression in Gcgrb-cell�/� animals versus littermate
controls (Figure 1A relative expression 0.55 � 0.04 for control vs
0.14 � 0.10 for Gcgrb-cell�/�; p ¼ 0.02). There was no evidence of
compensatory upregulation of GLP-1 or GIP receptor expression levels in
Gcgrb-cels�/� islets (Supplementary Figure 1A and B). The anatomy of
Gcgrb-cell�/� islets was unperturbed, with no differences in relative b-
cell mass (b- to a-cell ratio) when compared with littermate controls
(Supplementary Figure 1CeE). mRNA expression of established b-cell
identity markers (Pdx1, Mafa, Kcnj11) and “disallowed” (Acot7, Ldha)
genes [21] were also comparable to control levels (Figure 1B). Taken
together, these experiments suggest that germline Ins1Cre-driven dele-
tion of GCGR in b-cells is not associated with changes in islet maturation
or architecture. However, standard exvivo perifusion experiments
revealed that insulin secretion as glucose was first elevated from 3 to
10 mM, was diminished in Gcgrb-cell�/� versus WT islets (n ¼ 200e
300 islets from 3 to 4 animals per phenotype). Whilst the response to
20 mM glucose after 30 min of perifusion and the final addition of KCl
did not elicit detectably different insulin secretion between phenotypes,
the AUC for insulin between 10 and 25 min of the experiment (the
10 mM glucose phase) was 5.4 (95% CI 3.8e 6.9) for Gcgrb-cell�/�

versus 13.0 (95% CI 10.1e15.8) for the WT islets (p ¼ 0.048)
(Figure 1C).

2.2. Gcgrb-cell�/� mice exhibit an insulin secretory deficit
Unlike mice with a whole body deletion of the glucagon receptor [22],
our model of b-cell selective loss of the glucagon receptor did not result
in a body weight phenotype: adult body weight at 12 weeks was
31.7 � 0.9 g for controls (n ¼ 10) versus 29.9 � 0.9 g for Gcgrb-cell�/

�animals (n ¼ 15) (p ¼ ns; Figure 1D). Circulating glucose levels
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following 5 h fasting were similar in Gcgrb-cell�/�mice and controls, but
during an intraperitoneal glucose tolerance test (IPGTT), circulating
glucose concentrations were significantly higher at 15 min and
30 min following glucose in Gcgrb-cell�/�animals (Figure 1E). Insulin
tolerance (ITT) and hepatic glucose mobilisation (as measured with a
pyruvate tolerance test) were not different in Gcgrb-cell�/�animals
(Supplementary Figure 2A and B), and basal levels of circulating insulin,
glucagon and GLP-1 were also similar to controls (Supplementary
Figure 3AeD). In this context, the reduced glucose tolerance sug-
gested impaired glucose-stimulated insulin secretion (GSIS) in Gcgrb-
cell�/� animals. To further test this, we conducted hyperglycaemic
clamp experiments on Gcgrb-cell�/� animals and littermate controls
(Figure 1F and Supplementary Fig. 4). We found that the glucose
infusion rate (GIR) was significantly lower in the (weight-matched)
Gcgrb-cell�/�cohort (66 mg/kg/min � 0.3 versus 83 mg/kg/min � 0.1
for controls; p ¼ 0.001). Taken together, these experiments suggest
that b-cell loss of GCGR signalling results in impaired early GSIS.

2.3. In vitro calcium imaging reveals that b-cell GCGR loss affects
coordinated [Ca2þ]I activity
Islet (b-cell) intracellular calcium [Ca2þ]I oscillations underpin insulin
secretion [23]. To better understand the mechanisms driving the insulin
secretory deficit in Gcgrb-cell�/� mice, these animals were further
crossed with a line expressing the [Ca2þ]I indicator GCaMP6f selectively
in the b-cells. In vitro, Ins1CreGCaMP6ffl/fl: Gcgrb-cell�/� and control
(Ins1CreGCaMP6ffl/fl: Gcgrb-cellþ/þ) islets were calcium imaged across
an increasing glucose concentration on a perifusion stage.
There were visually apparent differences in the tendency for b-cells to
fluoresce in a co-ordinated fashion and propagate [Ca2þ]I “waves”
across the control compared with the Gcgrb-cell�/� islets (Supple-
mentary Videos 1 and 2). Figure 2A displays a typical run of [Ca2þ]I
“waves” spanning the entire control islet cross section at 10 mM
glucose. At this glucose concentration, synchronised [Ca2þ]I oscilla-
tions, spanning the entire islet cross-section, were evident in all control
islets (n¼ 63 islets from 4 mice). In contrast, localised b-cell activity in
the Ins1CreGCaMP6ffl/fl: Gcgrb-cell�/�islets (n ¼ 81 islets from 3 ani-
mals) much more rarely resulted in waves that propagated across the
whole islet cross section. Whole islet analysis of this [Ca2þ]I activity
suggested that these behaviours were most pronounced at the start of
the perifusion experiments, as the glucose level rose from 3 mM to
10 mM (Figure 2CeE). Given that [Ca2þ]I“waves” were less likely to be
pan-islet in the Ins1CreGCaMP6ffl/fl: Gcgrb-cell�/�islets, it follows that the
amplitude of the waves was lower (Figure 2C). Also at 10 mM glucose,
the frequency of waves across the Gcgrb-cell�/�islets was lower
(Figure 2D) with a broader FWHM (Figure 2E). These data are alter-
natively represented in Figure 2Fand G as the proportion of the total islet
cross section covered by any given wave (90e140 events per group
were analysed). Overall, a significantly smaller proportion of the entire
islet cross section was covered by waves in the Gcgrb-cell�/�islets
(Figure 2F). Whilst all of the waves imaged propagated across>75% of
the control islets at 10 mM glucose, the waves across the Gcgrb-cell�/

�islets were just as likely to cover <75% or <50% of an islet cross
section (Figure 2G). As might be anticipated from the observation that
the waves in the Gcgrb-cell�/�islets were less frequent and had a
broader FWHM, the velocity of the waves analysed in the Gcgrb-cell�/

�islets were significantly slower than in controls (Figure 2H).
Supplementary video related to this article can be found at https://doi.
org/10.1016/j.molmet.2024.101947
We then analysed single cell [Ca2þ]i dynamics in the waving islets,
applying statistical methods to measure correlations between b-cell
[Ca2þ]I activity, using previously described methods [6]. Driven by the
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1: The b-cell specific deletion of the glucagon receptor results in impaired insulin secretion ex vivo and in vivo. A) The expression of GCGR relative to Ppil3 is
reduced from in Gcgrb-cell�/� islets (unpaired t-test n ¼ 4 animals per genotype, p ¼ 0.0187), while B) the relative expression of b-cell identity genes Pdx1, Mafa, Kcnj11, Acot7
and Ldha is not altered in Gcgrb-cell�/� islets (n ¼ 3) versus controls (n ¼ 4; unpaired t-tests; p ¼ ns). C) In vitro perifusion assay to assess glucose-stimulated insulin responses of
control (n ¼ 50IEQ per experiment; 200 islets from 3mice) and Gcgrb-cell�/� islets (n ¼ 50IEQ per experiment; 300 islets from 4 mice) shows that insulin secretion is decreased in
Gcgrb-cell�/� islets between 10 min. and 25 min, when islets are stimulated with 10 mM glucose (Unpaired t-test; p ¼ 0.048). D) The body weight of 12-week old Gcgrb-cell�/

�animals (n ¼ 15) is comparable to littermate controls (n ¼ 10). E) Gcgrb-cell�/� animals show significantly increased blood glucose concentrations at 15 min. and 30 min. time-
points in an IPGTT (control vs Gcgrb-cell�/�, t ¼ 15, 12.7 mmol/L � 0.6, 15.4 mmol/L � 0.5; t ¼ 30, 11.0 mmol/L � 0.3, 12.9 mmol/L � 0.5; control n ¼ 9; Gcgrb-cell�/� n ¼ 15;
Two-tailed, Unpaired t-test; p ¼ 0.002). F) Hyperglycaemic (blood glucose: 16.5 mmol/L � 1.5) clamp experiments revealed a lower glucose infusion rate in Gcgrb-cell�/� animals
compared with age-matched controls (AUC of 66 mg/kg/min � 0.3 versus 83 mg/kg/min � 0.1 for Gcgrb-cell�/� versus control animals, respectively; Gcgrb-cell�/� n ¼ 5, control
n ¼ 2; Two-tailed, Unpaired t-test on AUC; ***p < 0.001).
lack of ability of [Ca2þ]Iwaves to propagate fully, all indices of con-
nectivity were statistically lower in Gcgrb-cell�/�islets at 10 and 20 mM
glucose. The addition of 40 mM KCl to Gcgrb-cell�/� islets elicited a
strong pan-islet [Ca2þ]I response, suggesting that a powerful depolar-
ising stimulus is able to overcome the defective communication between
b-cells (Figure 3AeC). Taken together, these observations suggest that
b-cell GCGR signalling is important for the generation of pan islet [Ca2þ]I
waves in response to glucose in vitro. Defective b-cell communication
MOLECULAR METABOLISM 85 (2024) 101947 � 2024 The Authors. Published by Elsevier GmbH. This is
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and the lack of synchronisation may partially explain the insulin secre-
tory deficit noted in Gcgrb-cell�/� animals.

2.4. In vivo [Ca2þ]I imaging reveals that the loss of co-ordinated
calcium activity in Gcgrb-cell�/� islets is only partially rescued in vivo
In vitro perifusion studies cannot recapitulate the complex microen-
vironment of in situ islets, where their activity may be modulated by
neuronal input and a capillary bed. To directly investigate b-cell
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 3
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Figure 2: Gcgrb-cell�/� islets show altered [Ca2D]I dynamics in vitro. Representative images and [Ca2þ]I traces of most commonly observed wave patterns in GCaMP-
expressing control (Ins1CreGCaMP6ffl/fl) (A) and GCGRb-cell�/�(Ins1CreGCaMP6ffl/fl: Gcgrb-cell�/�) (B) islets at 10 mM glucose concentration. C) The normalised amplitude of
[Ca2þ]I waves was significantly smaller in GCGRb-cell�/� islets (n ¼ 81 islets from 3 animals) compared to control (n ¼ 63 islets from 4 animals) values at 10 mM glucose
concentration (Two-way ANOVA; Sidak’s test; p ¼ 0.0147). D) Wave events occurred at a significantly lower frequency in Gcgrb-cell�/� islets compared to control islets at 10 mM
glucose levels (****p < 0.0001) E) but activity lasted longer, as reflected by the increased full-width at half maximum (FWHM) values at the same glucose concentration (Two-way
ANOVA; Tukey’s and Sidak’s test; ****p < 0.0001). F) At 10 mM glucose, wave events extended over the entire islet cross-section in control islets (n ¼ 140 events from 45 islets)
whereas in Gcgrb-cell�/� islets (n ¼ 90 events from 45 islets), a significantly smaller area of the islet cross-section was involved in waving activity (Unpaired t-test
****p < 0.0001). G) Binning all wave events on the basis of the proportion of islet cross-section covered revealed that out of the total of 90 events encountered in Gcgrb-cell�/�

islets, 23 events extended to 25e50% of the islet cross-section, 37 events extended to 50e75% of the islet-cross-section and 28 events involved 75e100% of the islet cross-
section. In control islets, the overwhelming majority of events (138 out of 140) extended over the 75e100% of the islet cross-section. H) The velocity of wave events (regardless of
the proportion of islet cross-section covered) was significantly decreased in Gcgrb-cell�/� islets (****p < 0.0001; ManneWhitney test).

Original Article
connectivity of Gcgrb-cell�/� in vivo, Ins1CreGCaMP6ffl/fl: Gcgrb-cell�/

�-expressing islets were implanted into the eyes of syngeneic WT
recipients, where they act as faithful “reporters” that can be directly
imaged [24] (control: n ¼ 8 islets in 3 recipients; Gcgrb-cell�/�: n ¼ 7
islets in 3 recipients; Figure 3D). Following full implantation, islet
[Ca2þ]I dynamics were recorded under high circulating glucose
(10.4 � 1.5 mmol/L and 11.3 � 0.4 mmol/L for Ins1CreGCaMP6ffl/fl:
Gcgrb-cell�/�and control groups respectively; p¼ ns). In the islets from
4 MOLECULAR METABOLISM 85 (2024) 101947 � 2024 The Authors. Published by Elsevier G
control animals, 7 out of 8 islets were observed to have cross-sectional
[Ca2þ]I wave activity as opposed to only 4 out of 7 of the Gcgrb-cell�/�

islets. The amplitude of the waves in the Gcgrb-cell�/� islets were not
measurably different and there was only a tendency for their FWHM to
be broader (slower wavefront) as was detected in vitro (Figure 3E and
F). The average Pearson R values of Ins1CreGCaMP6ffl/fl: Gcgrb-cell�/

�islets was significantly lower than in the control islets
(R ¼ 0.88 � 0.06 compared to R ¼ 0.98 � 0.02, p ¼ 0.036)
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 3: b-Cell functional connectivity is reduced in GCGRb-cell�/� islets and this is partially restored following implantation in the murine eye. A) Subjecting the
[Ca2þ]I traces of individual b-cells to connectivity analysis (previously described in Salem et al., 2019) reveals a reduction in functional connectivity in Gcgrb-cell�/� islets. Both
percentage connectivity (B) and average Pearson R values (C) are significantly lower at 10 and 20 mM glucose levels in Gcgrb-cell�/� islets (Pearson R values: 0.81 � 0.02 for
control versus 0.46 � 0.02 for GCGRb-cell�/� islets at 10 mM; Two-way ANOVA; Tukey’s test p < 0.0001), while they remain comparable to control levels when stimulated with
KCl. D) Schematic of the experimental imaging platform. Islets with b-cell specific loss of the GCGR that also express the GCaMP6f [Ca2þ]I reporter (Ins1

CreGCaMP6ffl/fl: Gcgrb-cell�/

�-islets) are isolated and transplanted into the anterior camber of the eye of a syngeneic recipient. Ins1CreGCaMP6fb-cellþ/þ-islets were implanted as a control. After 4 weeks, the
islets implant, are innervated and functional. Thereafter they can be directly imaged with confocal fluorescent microscopy longitudinally. A total of 7 Ins1CreGCaMP6ffl/fl: Gcgrb-cell�/

�-islets and 8 Ins1CreGCaMP6fb-cellþ/þ-islets were imaged under high circulating glucose conditions (in three animals). Seven control islets and only four Ins1CreGCaMP6ffl/fl: Gcgrb-
cell�/� islets exhibited [Ca2þ]I waves. E) The amplitude and (F) FWHM values of [Ca2þ]I activity were not significantly different between control and Gcgr

b-cell�/�-islets. Connectivity
analysis of single cell read-outs showed that (G) the average coefficient of connectivity was significantly lower in islets where the GCGR was deleted in b-cells specifically (Two-
tailed, ManneWhitney test; p ¼ 0.036). H) The average number of connected b-cells was lower but this effect was not significant (Two-tailed, ManneWhitney test; p ¼ ns).
(Figure 3G). In parallel, the average proportion of connected cells was
non-significantly lower in islets lacking b-cell GCGR(82.1 � 12.2%
compared to 97.1 � 1.96% for control islets; p ¼ ns) (Figure 3H). We
conclude that the detrimental effects of GCGR knockout on b-cell
[Ca2þ]I dynamics are only partially rescued post implantation in vivo.
MOLECULAR METABOLISM 85 (2024) 101947 � 2024 The Authors. Published by Elsevier GmbH. This is
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2.5. Diet-induced obesity (DIO) results in reduced b-cell
connectivity which can be restored by chronic administration of a
GCG-analogue
Selective deletion of the GCGR in b-cells revealed a possible beneficial
physiological role for GCGR signalling in islet functional connectivity.
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 5
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Consequently we investigated whether pharmacological GCGR ago-
nism in a diet-induced obese model of chronic hyperglycaemia can
alleviate the deleterious effects of high-fat diet on co-ordinated insulin
secretion (Figure 4A). We created a glucagon analogue (GCG-analogue,
see Methods and Supplementary Figure 5 for sequence) with strong
potency for cAMP production at the mouse glucagon receptor (m
GCGR) but not different than native glucagon at the mGLP-1R. The
analogue was 164 times more potent at the mouse glucagon
compared to the mouse GLP-1 receptor (m GCG > mGLP-1R:
DDpEC50 ¼ 2.2 � 0.3). In static incubation it significantly enhanced
glucose stimulated insulin secretion from mouse islets over ten-fold
(Supplementary Figure 6).
Twenty-four lean C57BL/6J mice (aged 8 weeks) received syngeneic
transplants of Ins1CreGCaMP6ffl/fl-expressing “reporter” islets into their
anterior eye chamber and were then placed on a high fat diet (HFD).
Following 12 weeks of the HFD, the mice demonstrated diet-induced
obesity (DIO) and impaired glucose tolerance (Figure 4B). Animals were
then randomised by body weight into three groups of 8: Group 1 received a
daily dose of GCG-analogue, Group 2 were control/vehicle-injected and fed
ad libitum and Group 3 received daily control/vehicle injections but were
food restricted to weight match (WM) to Group 1. Forty days of GCG-
analogue treatment resulted in a body weight loss in Group 1 of
12.01% � 1.97 (p ¼ 0.030; Figure 4C). The cumulative food intake in
Group 3 was significantly less than both Groups 1 and 2, supporting
previous reports of an increased energy expendituremechanism for weight
loss with exogenous administration of a glucagon agonist [25] (Figure 4D).
Treatment with the GCG-analogue produced a weight loss independent
normalisation of glucose homoeostasis in DIO animals (Figure 4E).
Fasting glucose was lower (4.3 mmol/L versus 7.5 mmol/L; p¼ 0.005)
and intraperitoneal glucose tolerance was improved (peak glucose of
9.2 mmol/L versus 18.5 mmol/L) in GCG-analogue versus weight
matched-groups, respectively (p < 0.001).
In order to understand the direct islet effects of GCG-analogue, we
monitored the activity of the reporter islets in these animals across the
duration of the study. Firstly we demonstrate longitudinally and in vivo,
a disruption in b-cell coordinated [Ca2þ]I activity related to obesity.
After 3 months on a HFD (when obese and dysglycaemic), fewer re-
porter islets were waving and when they did the amplitude and fre-
quency of the [Ca2þ]I waves was reduced (Figure 4FeH). There was
also a tendency for those waves to propagate over a smaller proportion
of the islet cross section (Figure 4I), as occurred in the Gcgrb-cell�/�

islets in vitro. The worsening glycaemic phenotype of DIO mice was
parallelled by a diminution of pan-islet b-cell connectivity that was
recovered by GCG-analogue treatment but not weight loss alone
(Figure 4J and K). Of note, blood glucose levels throughout the imaging
sessions were comparable (10.6 � 0.52 mmol/L versus
12.7 � 0.6 mmol/L versus 10 � 0.3 mmol/L over three imaging
sessions), therefore differences in [Ca2þ]I responsiveness were un-
likely to have been a consequence of low circulating glucose levels
during the imaging studies. Taken together, our findings indicate that
DIO impairs coordinated [Ca2þ]I responses of b-cells and that these
coordinated responses can be restored by GCG-analogue treatment via
mechanisms that are independent of weight loss.

3. DISCUSSION

This study investigated the physiological role of intra-islet glucagon
signalling and the pharmacological effects of glucagon receptor acti-
vation in islets. We found that b-cell selective deletion of the GCGR
results in a glucose intolerant phenotype that is redolent of early T2D,
with a loss of first-phase insulin secretion. We also provide evidence of
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the utility of GCGR-preferring peptide analogues for the recovery of
obesity-induced dysglycaemia.
Our model of b-cell selective GCGR deletion resulted in a large
reduction in whole-islet measured Gcgr transcript, consistent with
reports that most of the GCGR in the islet resides on b-cells [26]. The
glucose intolerant phenotype in these mice was associated with an
insulin secretory deficit without any changes to islet architecture or b-
cell mass. Furthermore, the intra-islet receptor expression and serum
levels of two major incretins GLP-1 and GIP, were not different from
controls, suggesting a lack of compensatory morphological or func-
tional changes that are common in global enteropancreatic-hormone
receptor knockout models. Zhang et al. recently reported a glucose
intolerant phenotype in their model of b-cell GCGR loss although they
did not report on [Ca2þ]I dynamics [27]. Conversely, others who have
studied intra-islet GCGR signalling in germline [28] or conditional [15]
b-cell knock out of the GCGR using a mouse insulin promoter (MIP)Cre-
driven mechanism have not reported glucose intolerance. This may be
due to differences in promoter activity. Ins1 promoter-driven systems,
and particularly the Ins-1Cre knock-in model used here, are highly
specific to b-cells [29,30], with no reported extra-pancreatic expres-
sion or alterations to glucose homoeostasis. Differences in the animal
models used to investigate islet paracrinology must be taken into
account when comparing studies [31]. Whilst there was no measurable
difference on GLP-1R or GIPR expression in our Gcgrb-cell�/� islets,
there remains the possibility of other more subtle reorganisation of
GPCR signalling following receptor deletion.
We propose that the highly selective loss of the GCGR on b-cells in
mice results in a phenotype that resembles some of the earliest
manifestations of T2D. Here we show that first phase insulin secretion
seems to be most affected with this phenotype since by 120 min on the
IPGTT tests glucose levels had indeed returned to normal, whilst the
insulin secretory defect on in vitro perifusion was only seen during the
first rise from 3 to 10 mM glucose. Fascinating work by Nunemaker
et al. revealed that the shape of the individual secretory bursts from
individual islets and from in vivo sampling are almost superimposable
(corrected for amplitude), suggesting that the in vivo pulse is generated
by simultaneous secretion from an imprinted islet population [4].
Therefore, understanding the islet-level structure/function relation-
ships that sub-serve insulin secretion is important [32].
In vitro, Gcgrb-cell�/� islets possessed b-cells that were able to
respond to a rise in glucose with insulin secretion. However, this
response was impaired and notably all groups of activated b-cells
within the Gcgrb-cell�/� islets seemed much less able to propagate that
[Ca2þ]I wave across the entire islet structure. [Ca2þ]I waves in the
Gcgrb-cell�/� islets were unlikely to propagate across the islet, making
the identification of a leading edge less applicable here. Therefore, the
use of a FWHM measurement in these datasets, as a measure of the
wave interval, results in slower estimation of wave propagation
speeds, for both control and Gcgrb-cell�/� islets, than reported by
others [33,34]. A recent study found in vitro evidence for the critical
importance of glucagon in the first-phase response of islets to a
glucose stimulus. The first-phase GSIS response is conditional on
cAMP signalling which, above a certain threshold, plays a permissive
role for insulin secretion. Thus the paracrine effect of glucagon may be
important for maintaining b-cell cAMP-tone [35] and, by extension,
electrical coupling. Intriguingly, glucagonergic stimulation of islets has
been shown to drive oscillatory cAMP activity [36,37] which syn-
chronises with [Ca2þ]I responses in b-cells. Direct observation of islet
[Ca2þ]I dynamics in this model reveals a smaller number of active cells
at 10 mM glucose. We suggest that reduced cAMP tone in this model
may reduce connectivity between b-cells resulting in reduced
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com


Figure 4: Direct observation of islet function following the induction of diet-induced obesity in mice and subsequent treatment with a synthetic glucagon-analogue
(GCG-analogue). A) Schematic diagram of the study. B) High-fat feeding of 10-week old mice leads to the development of diet-induced obesity (DIO) and impaired glucose
tolerance (n ¼ 63e59; the AUC at baseline was 508.3 � 106 versus 1309 � 154.9 after HFD; Two-tailed Welch’s t-test; ****p < 0.0001). C) The mean bodyweight was
39.6 � 0.9 g prior to the start of the treatment and was comparable across groups. GCG-analogue treatment caused a significant weight-loss of �12.01% � 1.97
versus �2.3% � 2.7 in the vehicle group (n ¼ 8 per group treatment group, one-way ANOVA, Bonferroni multiple comparison test; p ¼ 0.029). D) Cumulative food consumption
over the course of the study was comparable between the three treatment groups (one-way ANOVA, Tukey’s test; p ¼ ns). E) GCG-analogue treatment improves glycaemia of DIO
mice. Glucose concentrations at the 15 min and 30 min time-points of an IPGTT were significantly lower in the GCG-analogue group compared to the weight-matched group
(t15 ¼ 9.2 mmol/L � 1 versus 12.5 mmol/L � 2 for GCG-analogue versus WM to GCG-analogue groups p ¼ 0.001; t30 ¼ 6.4 mmol/L � 0.7 versus 16.7 mmol/L � 1.6 for GCG-
analogue versus WM to GCG-analogue groups p ¼ 0.001; One-way ANOVA; Tukey’s test). F) Longitudinal imaging of reporter islets implanted in the anterior eye chamber revealed
that with high-fat feeding, the normalised amplitude of [Ca2þ]I is significantly reduced from baseline (One-way ANOVA; Tukey’s test; ****p < 0.0001). Treatment with the GCG-
analogue restored the amplitude of wave events to baseline values (p ¼ ns). Similarly, the frequency (G) as well as the wavelength (H) of wave events decreased with high-fat
feeding, a trend that was reversed with the administration of the GCG-analogue but not weight-loss (frequency: WM to GCG-analogue versus GCG-analogue groups; p ¼ 0.007;
wavelength: WM to GCG-analogue versus GCG-analogue groups; p ¼ 0.017; One-way ANOVA; Tukey’s test). Of note, a significant number of islets in the HFD (6 out of 15 islets)
and WM to GCG-analogue (6 out of 7 islets) groups showed no [Ca2þ]I ocillations over the observed period and these datapoints are represented as 0 on FWHM and frequency
graphs. I) Dysglycaemia (which occurred with high-fat diet) was associated with a reduction in the percentage of islet cross-section involved in wave activity of reporter islets. This
trend was reversed with GCG-analogue treatment when 4 out of 8 islets displayed wave events which involved 75e100% of the islet cross-section. J) and K) HFD results in
reduced b-cell connectivity and this is rescued by the GCG-analogue (Baseline n ¼ 11 islets; HFD n ¼ 16 islets; WM to GCG-analogue n ¼ 7 islets; GCG-analogue n ¼ 9 islets;
Percentage connectivity: KruskaleWallis test; p ¼ 0.015; Pearson R values: KruskaleWallis test; p ¼ 0.045).
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frequency of [Ca2þ]I waves. However, this seems to be offset by a
longer duration of activity. Thus, overall, the genetic loss of the b-cell
GCGR in this model results in a subtle dysglycaemic phenotype.
When transplanted into the anterior eye chamber of the mouse, islets
become vascularised and receive innervation patterns homologous to
those in the pancreas, acting as faithful “reporters” [38,39]. Around
half of the Gcgrb-cell�/� islets transplanted in the eye did not mount
secretory wave activity, and in those that did, measures of b-cell
connectivity were significantly reduced. In the in vivo environment the
cAMP tone of b-cells may be supported by a multitude of other signals.
For example, cholinergic receptor activation has also been shown to
have synchronising properties in islets [40]. Deciphering which are the
most important factors will help the development of novel treatments
that restore co-ordinated insulin release. Given the differences in the
topographical relationships of a- and b-cells across species, as well as
differences in aspects of innervation, it will be important to investigate
the relevance of these findings to human islets.
To better understand the impact of metabolic insults on b-cell [Ca2þ]I
oscillations in vivo, we functionally assessed reporter islets longitu-
dinally in the eye of DIO animals with a hyperglycaemic phenotype.
The induction of DIO dysglycaemia caused a diminution in pan-islet
[Ca2þ]I waves and b-cell connectivity read-outs, suggesting that
high-fat feeding interferes with the ability of b-cells to propagate
[Ca2þ]I across the islet. Whilst some have questioned the potential
decoupling of insulin secretory activity from [Ca2þ]I dynamics with
the use of certain anaesthetic agents (including isoflurane which was
used in these experiments), we note that these in vivo findings mirror
numerous previous ex vivo and in vitro reports of the deleterious
effects of lipotoxicity on coordinated insulin secretory behaviour [41e
43]. It is worth noting that others have reported a rise in islet [Ca2þ]I
wave amplitude during HFD, which the authors concluded was
related to the hyperinsulinism and adaptive mechanisms that occur
early on in the disease as a response to insulin resistance [44]. Do
et al. found no change in the glucose [Ca2þ]I response as measured
using ratiometric dyes in early diabetes but reduced pan islet [Ca2þ]I
activity in advanced diabetes in db/db islets [45]. The loss of [Ca2þ]I
wave propagation and the lower amplitudes when they did occur in
our models may represent the fact that the animals were already
frankly diabetic by 12 weeks on HFD. The precise mechanism by
which HFD causes a loss of synchronised oscillations is presently
unknown. However, it has been postulated that the deleterious ef-
fects of free fatty acids (FFAs) include suppressing the expression of
gap junctions and reducing islet responsiveness to incretins [46].
In recent years, dual GLP-1R/GCGR agonists have gained increasing
research attention due to their potential for superior weight-lowering
effects and improved glycaemic control compared with GLP-1-based
monotherapies [13,47]. As an example, cotadutide is currently being
tested in Phase 2 clinical trials following its promising effects on DIO
mice and non-human primates [48]. The additional weight loss evoked
by cotadutide is attributed to GCGR-driven mechanisms to increase
energy expenditure. Concurrently, GLP-1R agonism is thought to
counterbalance any glucose-raising aspect of the glucagonergic
element and to improve the glycaemic profile of DIO mice. However,
after adjusting for weight loss, cotadutide-treated animals still show
better glucose response curves than liraglutide-treated DIO mice [49].
We sought to investigate the direct effects of glucagon receptor acti-
vation in a clinically relevant model of obesity-associated hyper-
glycaemia, using a peptide agonist which was over ten times more
potent at the glucagon than the GLP-1 receptor. Chronic treatment with
this GCGR agonist for 40 days resulted in a markedly improved gly-
caemic profile in DIO mice. This improvement in glucose homoeostasis
8 MOLECULAR METABOLISM 85 (2024) 101947 � 2024 The Authors. Published by Elsevier G
coincided with a 12 � 2% weight loss, yet the restoration of b-cell
connectivity and co-ordinated pan islet [Ca2þ]I activity measured with
the GCGR-analogue was not recapitulated with equivalent weight loss
alone, supporting the assertion that GCGR-activation promotes b-cell
connectivity independently of weight loss. This raises the possibility
that GCGR agonism may be particularly useful in restoring insulin
secretory function in patients who are unable to lose enough
pancreatic fat with dieting to resolve their T2D.

4. FUTURE DIRECTIONS AND CONCLUSION

Pancreatic islets are micro-organs which integrate numerous neural,
vascular and paracrine regulatory inputs to fine-tune their hormone
secretory output to maintain glucose homoeostasis. In this study, we
provide evidence for the role of intra-islet GCGR signalling in pan-islet
[Ca2þ]I oscillations and first-phase insulin release in vivo. The
phenotype of Gcgrb-cell�/� animals is altered first-phase insulin
secretory responses during an intravenous glucose challenge, redolent
of pre-diabetes. Future studies should aim to fully elucidate the con-
tributions of endocrine and paracrine signalling, gut hormone receptor
distribution and function, to co-ordinated islet activity. This is neces-
sary to guide future multi-agonist development for the treatment of
T2D.

5. METHODS

5.1. Animals
All procedures involving animals were conducted in accordance with
the UK Animal (Scientific Procedures) Act 1986, under Project
Licence PPL 75/0462. Gcgrfl/fl mice on C57BL/6J background were
generated by inserting a locus of X-over P1 (LoxP) site upstream of
exon 6 on chromosome 11. A flippase recognition target (FRT) and
LoxP-flanked neomycin resistance cassette was inserted down-
stream of exon 12. Animals with the neomycin resistance cassette
were crossed with mice expressing flippase (FLP) to remove the FRT-
insert, resulting in litters with LoxP sites at exons 6 and 12 of
chromosome 11. For the b-cell specific deletion of the GCGR, Gcgr fl/fl

animals were crossed with Ins1Cre-expressing animals (42). The
Ins1CreGCGRfl/fl mouse line was bred in-house and produced normal
litter sizes. Mice expressing the Ins1Cre construct and homozygous
for Gcgr fl/fl are referred to as ‘Gcgr b-cell�/�

’ within the text. Mice that
do not express Cre recombinase under the Ins1 promoter (Ins1Cree
GCGRfl/fl) were used as controls and referred to as ‘littermate con-
trols’ within the text.
For [Ca2þ]I imaging studies, Ins1Cre-expressing mice were crossed
with mice that expressed GCaMP6ffl/fl fluorescent calcium sensor,
downstream of a LoxP-flanked STOP cassette (The Jackson Labora-
tory, stock no. 028865) and bred in-house. For [Ca2þ]I imaging studies
with GCGRb-cell�/� islets, the Ins1CreGCGRfl/fl mouse line was crossed
with Ins1CreeGCaMP6ffl/fl mice for b-cell specific GCGR deletion and
expression of the [Ca2þ]I sensor GCaMP6f. These mice are referred to
as ‘GCaMP6f: Gcgrb-cell�/�

’ within the text. Lastly, Ins1CreGCaMP6ffl/fl

animals, with intact b-cell GCGR-signalling and the GCaMP6f calcium
reporter, were used as controls to GCaMP6f: Gcgrb-cell�/� islets and in
the chronic GCG-analogue study.
For experiments with the GCG-analogue, Ins1CreGCaMP6ffl/fl-express-
ing islets were transplanted into the anterior eye chamber of C57BL/6J
syngeneic wild-type (WT) recipients (Envigo, Huntingdon UK). All ani-
mals were maintained under controlled conditions (21e23 �C;
12:12 h light:dark schedule) and following full implantation (>4
weeks) implanted islets (n ¼ 3e4 per animal) were imaged: at
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com


baseline (normal chow), two months after HFD (5.21 kcal/g; 20% kcal
protein, 60% kcal fat and 20% kcal carbohydrate; Research Diets,
D12492) to induce DIO, and 40 days of daily sub-cutaneous injections
of vehicle (saline þ Zn2þ; n ¼ 8) or GCG-analogue (n ¼ 8) and after
weight-matching (n ¼ 8) intervention. The synthetic GCG-analogue
was administered subcutaneously. Metabolic tests (intraperitoneal
glucose and insulin tolerance tests) were conducted at baseline, after
HFD (to ascertain DIO) and after treatment.

5.2. qPCR Analysis
RNA from tissue samples was extracted using the guanidium thiocy-
anate-phenol-chloroform method. To quantify gene expression both
probe-based (TaqMan� gene expression assay) and dye-based
(SYBR� Green JumpStart� Taq ReadyMix� kit) methods were used.
Reactions were performed in CFX384� detection system (Bio-Rad).

5.3. Metabolic testing
Intraperitoneal glucose tolerance tests (IPGTTs) (2 g/kg), intraperitoneal
insulin tolerance tests (IPTTs) (1 U/kg) and intraperitoneal pyruvate
tolerance tests (IPPTTs) (2 g/kg) throughout this study were conducted
after 5 h fasting. Blood glucose measurements were taken at �15, 0,
15, 30, 60 and 120 min time-points.

5.4. Hyperglycaemic clamp experiments
Under isoflurane anaesthesia (2%), indwelling catheters were surgi-
cally implanted into left common carotid artery and right jugular vein of
Gcgrb-cell�/� mice and littermate counterparts, and allowed to recover
for 7 days. 50% glucose solution was continuously infused into the
jugular vein while 10 U/ml heparinised saline was inserted into the
carotid artery to withdraw blood samples during a hyperglycaemic
clamp. GIR was measured over 45 min of plateaued glucose levels
(typically achieved at 20 min after clamp start).

5.5. Insulin, glucagon and GLP-1 immunoassays
Hormones from blood samples of Gcgrb-cell�/� mice and littermate
controls were measured using standard ELISA kits (for insulin and
glucagon, 62IN3PEF and 62SGLPEB, Cisbio, France; GLP-1, 81508,
Crystal Chem, UK).

5.6. Dynamic in vitro glucose-stimulated insulin secretion
experiments
Isolated islets from Ins1CreGcgrb-cell-/–expressing and control animals
(n¼3-4 animals per group; 50IEQ per experiment) were placed in a
perifusion chamber (Biorep Technologies, Miami, FL.), pre-filled with a
polyacrylamide P4 BioGel (Biorad, Hercules, CA.). Islets were perifused in
Krebs-Ringer bicarbonate-HEPES (KRBH) (10mM HEPES, 2mM NaHCO3,
140mM NaCl, 3.6mM KCl, 0.5mM NaHPO4, 0.5mM MgSO4, 1.5mM
CaCl2) solution supplemented with 0.25% (w/v) bovine serum albumin
(BSA) at a pH of 7.4 with a glucose concentration of 3mM for 10min., then
10mM glucose KRBH for 20mins., followed by 20mM glucose KRBH for
20mins., and 40mM KCl KRBH for 10min., at a rate of 1mL/min. The
effluent was collected at 1min. intervals and the insulin content of effluent
samples was analysed using the CisBio HTRF Ultra-Sensitive Insulin kit
(PerkinElmer) as per manufacturer`s suggestions instructions.

5.7. In vitro perifusion experiments
In vitro perifusion experiments were recorded using Yokogawa CSU22
Nipkow spinning disk microscope coupled with a Zeiss Axiovert M200
and x10/0.3NA objective (Zeiss) and Volocity software. Islet [Ca2þ]I dy-
namics (ex.:488nm; exp. time: 700msec) were recorded at 0.8Hz. In in
vitro perifusion studies, Ins1CreGCaMP6ffl/fl: Gcgrb-cell-/--expressing
MOLECULAR METABOLISM 85 (2024) 101947 � 2024 The Authors. Published by Elsevier GmbH. This is
www.molecularmetabolism.com
(n¼81 islets from 3 animals) and control (Ins1CreGCaMP6ffl/fl Gcgrb-cellþ/

þ) islets (n¼63 islets from 4 animals);were first exposed to 3mM glucose
KRBH with 1% (w/v) BSA for 10 minutes, then 10mM and 20mM glucose
KRBH for 20 minutes each, followed by 10 minutes of 40mM KCl KRBH.

5.8. Wave characteristics
All waveform analyses were performed using a custom MATLAB script,
available upon request. Briefly, relative amplitude was determined after
normalizing [Ca2þ]I traces to Fmin. Frequency was defined as the total
number of peaks over the time duration of a given glucose concentra-
tion. The full width at half maximum (FWHM) of a wave event was
determined to express the time spent at half maximal [Ca2þ]I intensity.

5.9. Wave Propagation
A wave event was defined as a rise in normalised intracellular GCaMP
fluorescence of 1.2 or above which covered an area of �30mm and
returned to baseline GCaMP fluorescence values at the end of the cycle. The
average velocity of wave events was determined as the distance covered
between the start and end of a wave event over wave event duration. The
average wave propagation ratio was calculated as the distance covered
between the start and end of awave event over total islet size (control group:
n¼140 events from 48 islets from 4 animals; Ins1CreGCaMP6ffl/fl: Gcgrb-
cell-/- group: n¼90 events from 45 islets from 3 animals).

5.10. In vitro and in vivo connectivity
Single cell [Ca2þ]I traces were subjected to connectivity analysis as
described in Salem et al. 2019.

5.11. Peptide generation and receptor activation (cAMP) assay
The GCG-analogue analogue was designed and donated by Professor SR
Bloom (Imperial College London). Peptides were synthesised by Bachem
(UK) and underwent local testing for purity after aliquoting and freeze
drying, in the Bloom Drug Development programme. Cyclic AMP (cAMP)
analysis was conducted using DiscoverX PathHunter cells expressing
human GCGR, GLP-1R or GIPR using the cAMP Dynamic 2 cAMP kit
(Cisbio, France) as per manufacturer’s instructions.

5.12. Static in vitro glucose- and GCG-Ang-stimulated insulin
secretion experiments
Isolated islets from WT animals (10IEQ per experiment) were first
incubated in 3mM glucose KRBH, followed by a 1hr. incubation in
either 12mM glucose or 12mM glucose þ 20nM GCG-analogue KRBH
solution. The insulin content of the supernatant was analysed using the
CisBio HTRF Untra-Sensitive Insulin kit (PerkinElmer) as per manu-
facturer`s suggestions.

5.13. In vivo imaging experiments
Islets implanted in the anterior eye chamber were imaged (ex.:488 nm;
at 3 Hz) under isoflurane anaesthesia (<2%) using a spinning disk
confocal microscope (Nikon Eclipse Ti, Crest spinning disk, 20� water
dipping 1.0 NA objective) under high circulating glucose.

5.14. Statistical analyses
Statistical significance between two conditions was assessed using
the paired or unpaired, Student’s t-test. Interactions between multiple
conditions were determined using one- or two-way analysis of vari-
ance (ANOVA) (with Tukey’s or Bonferroni’s post-hoc tests). Analyses
were performed using GraphPad Prism (GraphPad Software v.8.0) and
MATLAB (Mathworks) and significant p values are described in each
relevant section. Values are plotted as mean � s.e.m., unless other-
wise stated.
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 9

http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com


Original Article
CREDIT AUTHORSHIP CONTRIBUTION STATEMENT

K. Suba: Writing e review & editing, Writing e original draft, Project
administration, Investigation, Formal analysis, Data curation. Y. Patel:
Investigation. A. Martin-Alonso: Investigation. B. Hansen: Writing e
review & editing, Formal analysis. X. Xu: Formal analysis. A. Roberts:
Investigation. M. Norton: Investigation. P. Chung: Investigation. J.
Shrewsbury: Investigation, Formal analysis. R. Kwok: Investigation.
V. Kalogianni: Investigation. S. Chen: Investigation. X. Liu: Investi-
gation. K. Kalyviotis: Investigation, Formal analysis. G.A. Rutter:
Writing e review & editing. B. Jones: Writing e review & editing,
Formal analysis. J. Minnion: Writing e review & editing, Resources.
B.M. Owen: Writinge review & editing. P. Pantazis: Writinge review
& editing. W. Distaso: Writing e review & editing, Formal analysis.
D.J. Drucker: Writing e review & editing, Conceptualization. T.M.
Tan: Writing e review & editing. S.R. Bloom: Writing e review &
editing. K.G. Murphy: Writing e review & editing, Methodology, Data
curation, Conceptualization. V. Salem: Writing e original draft, Vali-
dation, Project administration, Methodology, Investigation, Funding
acquisition, Formal analysis, Data curation, Conceptualization.

ACKNOWLEDGEMENTS

VS designed and supervised the study, with thanks to KGM, GAR, SRB,
TT, PP and DD for guidance. KS, YP, AMA, AR, MN, and VS undertook
the mouse studies. Ex vivo islet imaging work was performed by KS,
PC and KK. VS, WD and BH developed scripts and KS, XX, JS, RK, VK,
SC and SL contributed to connectivity analyses. SRB designed the
glucagon analogue which was developed and tested by BJJ and JM.
VS, KGM and KS wrote the manuscript contributions from all authors.
VS is supported by a Diabetes UK Harry Keen Clinician Scientist
Fellowship (15/0005317). We thank the Imperial College London and
Leica Microsystems Imaging Hub for infrastructure and expertise.
G.A.R. was supported by a Wellcome Trust Investigator Award
(212625/Z/18/Z), MRC Programme grant (MR/R022259/1) a start-up
grant from the CHUM Research Center at the University of Montreal
and a Canadian Foundation for Innovation John R. Evans infrastructure
grant. DJD was supported by CIHR grant 154321, a Banting and Best
Diabetes Centre Novo Nordisk Chair in Incretin Biology, and the Sinai
Health Novo Nordisk Foundation fund in regulatory peptides.

DECLARATION OF COMPETING INTEREST

All authors declare no conflicts of interest.

DATA AVAILABILITY

Data will be made available on request.

APPENDIX A. SUPPLEMENTARY DATA

Supplementary data to this article can be found online at https://doi.org/10.1016/j.

molmet.2024.101947.

REFERENCES

[1] O’Rahilly S, Turner R, Matthews D. Impaired pulsatile secretion of insulin in

relatives of patients with non-insulin-dependent diabetes. N Engl J Med

1988;318(19):1225e30. https://doi.org/10.1056/nejm198805123181902.
10 MOLECULAR METABOLISM 85 (2024) 101947 � 2024 The Authors. Published by Elsevier G
[2] Gosak M, Yan-Do R, Lin H, MacDonald PE, Sto�zer A. Ca2þ oscillations, waves,

and networks in islets from human donors with and without type 2 diabetes.

Diabetes 2022;71(12):2584e96.

[3] Irles E, Nero P, Lluesma M, Villar-Pazos S, Santos-Silva JC, Vettorazzi JF, et al.

Enhanced glucose-induced intracellular signaling promotes insulin hyperse-

cretion: pancreatic beta-cell functional adaptations in a model of genetic

obesity and prediabetes. Mol Cell Endocrinol 2015;15(404):46e55.

[4] Nunemaker C, Dishinger J, Dula S, Wu R, Merrins M, Reid K, et al. Glucose

metabolism, islet architecture, and genetic homogeneity in imprinting of

[Ca2þ]i and insulin rhythms in mouse islets. PLoS One 2009;4(12):e8428.

[5] Johnston N, Mitchell R, Haythorne E, Pessoa M, Semplici F, Ferrer J, et al. Beta

cell hubs dictate pancreatic islet responses to glucose. Cell Metabol

2016;24(3):389e401. https://doi.org/10.1016/j.cmet.2016.06.020.

[6] Salem V, Silva L, Suba K, Georgiadou E, Neda Mousavy Gharavy S, Akhtar N,

et al. Leader b-cells coordinate Ca2þ dynamics across pancreatic islets in vivo.

Nat Metab 2019;1(6):615e29. https://doi.org/10.1038/s42255-019-0075-2.

[7] Peercy BE, Sherman AS. Do oscillations in pancreatic islets require pacemaker

cells? J Biosci 2022;47:14.

[8] Kravets V, Dwulet JM, Schleicher WE, Hodson DJ, Davis AM, Pyle L, et al.

Functional architecture of pancreatic islets identifies a population of first

responder cells that drive the first-phase calcium response. PLoS Biol

2022;(9):e3001761. https://doi.org/10.1371/journal.pbio.3001761.

[9] Satin LS, Zhang Q, Rorsman P. “Take me to your leader”: an electrophysio-

logical appraisal of the role of hub cells in pancreatic islets. Diabetes

2020;69(5):830e6.

[10] Hædersdal S, Lund A, Knop PK, Vilsbøll T. The role of glucagon in the path-

ophysiology and treatment of type 2 diabetes. Mayo Clin Proc 2018;93(2):

217e39.

[11] Samols E, Marri G, Marks V. Interrelationship of glucagon, insulin and glucose:

the insulinogenic effect of glucagon. Diabetes 1966;15(12):855e66. https://

doi.org/10.2337/diab.15.12.855.

[12] Penick S, Hinkle L, Paulsen E. Depression of food intake induced in healthy

subjects by glucagon. N Engl J Med 1961;264(18):893e7. https://doi.org/

10.1056/nejm196105042641801.

[13] Tan T, Field B, McCullough K, Troke R, Chambers E, Salem V, et al. Coad-

ministration of glucagon-like peptide-1 during glucagon infusion in humans

results in increased energy expenditure and amelioration of hyperglycemia.

Diabetes 2013;62(4):1131e8. https://doi.org/10.2337/db12-0797.

[14] Svendsen B, Larsen O, Gabe M, Christiansen C, Rosenkilde M,

Drucker D, et al. Insulin secretion depends on intra-islet glucagon

signaling. Cell Rep 2018;25(5):1127e1134.e2. https://doi.org/10.1016/

j.celrep.2018.10.018.

[15] Capozzi M, Svendsen B, Encisco S, Lewandowski S, Martin M, Lin H, et al. b

Cell tone is defined by proglucagon peptides through cAMP signaling. JCI

Insight 2019;4(5). https://doi.org/10.1172/jci.insight.126742.

[16] Capozzi M, Wait J, Koech J, Gordon A, Coch R, Svendsen B, et al. Glucagon

lowers glycemia when b cells are active. JCI Insight 2019;4(16). https://

doi.org/10.1172/jci.insight.129954.

[17] Zhu L, Dattaroy D, Pham J, Wang L, Barella L, Cui Y, et al. Intraislet glucagon

signaling is critical for maintaining glucose homeostasis. JCI Insight

2019;4(10). https://doi.org/10.1172/jci.insight.127994.

[18] Rodriguez-Diaz R, Molano R, Weitz J, Abdulreda M, Berman D, Leibiger B,

et al. Paracrine interactions within the pancreatic islet determine the glycemic

set point. Cell Metabol 2018;27(3):549e558.e4. https://doi.org/10.1016/

j.cmet.2018.01.015.

[19] Huypens P, Ling Z, Pipeleers D, Schuit F. Glucagon receptors on human islet

cells contribute to glucose competence of insulin release. Diabetologia

2000;43(8):1012e9. https://doi.org/10.1007/s001250051484.

[20] Graziano M, Hey P, Borkowski D, Chicchi G, Strader C. Cloning and

functional expression of a human glucagon-like peptide-1 receptor. Biochem
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
www.molecularmetabolism.com

https://doi.org/10.1016/j.molmet.2024.101947
https://doi.org/10.1016/j.molmet.2024.101947
https://doi.org/10.1056/nejm198805123181902
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref2
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref2
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref2
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref2
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref2
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref2
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref3
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref3
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref3
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref3
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref3
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref4
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref4
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref4
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref4
https://doi.org/10.1016/j.cmet.2016.06.020
https://doi.org/10.1038/s42255-019-0075-2
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref7
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref7
https://doi.org/10.1371/journal.pbio.3001761
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref9
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref9
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref9
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref9
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref10
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref10
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref10
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref10
https://doi.org/10.2337/diab.15.12.855
https://doi.org/10.2337/diab.15.12.855
https://doi.org/10.1056/nejm196105042641801
https://doi.org/10.1056/nejm196105042641801
https://doi.org/10.2337/db12-0797
https://doi.org/10.1016/j.celrep.2018.10.018
https://doi.org/10.1016/j.celrep.2018.10.018
https://doi.org/10.1172/jci.insight.126742
https://doi.org/10.1172/jci.insight.129954
https://doi.org/10.1172/jci.insight.129954
https://doi.org/10.1172/jci.insight.127994
https://doi.org/10.1016/j.cmet.2018.01.015
https://doi.org/10.1016/j.cmet.2018.01.015
https://doi.org/10.1007/s001250051484
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com


Biophys Res Commun 1993;196(1):141e6. https://doi.org/10.1006/

bbrc.1993.2226.

[21] Pullen TJ, Huising MO, Rutter C. Analysis of purified pancreatic islet beta and

alpha cell transcriptomes reveals 11b-hydroxysteroid dehydrogenase

(Hsd11b1) as a novel disallowed gene. Front Genet 2017;10(8):41.

[22] Conarello S, Jiang G, Mu J, Li Z, Woods J, Zycband E, et al. Glucagon receptor

knockout mice are resistant to diet-induced obesity and streptozotocin-

mediated beta cell loss and hyperglycaemia. Diabetologia 2006;50(1):142e

50. https://doi.org/10.1007/s00125-006-0481-3.

[23] Tengholm A, Gylfe E. Oscillatory control of insulin secretion. Mol Cell Endo-

crinol 2009;297(1e2):58e72. https://doi.org/10.1016/j.mce.2008.07.009.

[24] Speier S, Nyqvist D, Cabrera O, Yu J, Molano R, Pileggi A, et al. Noninvasive

in vivo imaging of pancreatic islet cell biology. Nat Med 2008;14(5):574e8.

https://doi.org/10.1038/nm1701.

[25] Scott R, Minnion J, Tan T, Bloom SR. Oxyntomodulin analogue increases

energy expenditure via the glucagon receptor. Peptides 2018;104:70e7.

https://doi.org/10.1016/j.peptides.2018.04.008. PMID: 29680267; PMCID:

PMC5958244.

[26] Moens K, Heimberg H, Flamez D, Huypens P, Quartier E, Ling Z, et al.

Expression and functional activity of glucagon, glucagon-like peptide I, and

glucose-dependent insulinotropic peptide receptors in rat pancreatic islet cells.

Diabetes 1996;45:257e61.

[27] Zhang Y, Han C, Zhu W, Yang G, Peng X, Mehta S, et al. Glucagon potentiates

insulin secretion via b-cell GCGR at physiological concentrations of glucose.

Cells 2021;10(9):2495. https://doi.org/10.3390/cells10092495.

[28] Gelling RW, Du XQ, Dichmann DS, Romer J, Huang H, Cui L, et al. Lower blood

glucose, hyperglucagonemia, and pancreatic a cell hyperplasia in glucagon

receptor knockout mice. Proc Natl Acad Sci U S A 2003;100(3):1438e43.

https://doi.org/10.1073/pnas.0237106100.

[29] Cheng Y, Su Y, Shan A, Jiang X, Ma Q, Wang W, et al. Generation and

characterization of transgenic mice expressing mouse Ins1 promoter for

pancreatic b-cell-specific gene overexpression and knockout. Endocrinology

2016;2016(1):85e92. https://doi.org/10.1210/en.2015-1104.

[30] Thorens B, Tarussio D, Maestro M, Rovira M, Heikkilä E, Ferrer J. Ins1 Cre

knock-in mice for beta cell-specific gene recombination. Diabetologia

2014;58(3):558e65. https://doi.org/10.1007/s00125-014-3468-5.

[31] Brouwers B, de Faudeur G, Osipovich A, Goyvaerts L, Lemaire K, Boesmans L,

et al. Impaired islet function in commonly used transgenic mouse lines due to

human growth hormone minigene expression. Cell Metabol 2014;20(6):979e

90. https://doi.org/10.1016/j.cmet.2014.11.004.

[32] Sto�zer A, Hojs R, Dolen�sek J. Beta cell functional adaptation and dysfunction in

insulin resistance and the role of chronic kidney disease. Nephron

2019;143(1):33e7. https://doi.org/10.1159/000495665. Epub 2019 Jan 16.

PMID: 30650405.

[33] Benninger RK, Zhang M, Head WS, Satin LS, Piston DW. Gap junction coupling

and calcium waves in the pancreatic islet. Biophys J 2008;95(11):5048e61.

https://doi.org/10.1529/biophysj.108.140863.

[34] �Sterk M, Dolen�sek J, Skelin Klemen M, Kri�zan�ci�c Bombek L, Paradi�z Leitgeb E,

Ker�cmar J, et al. Functional characteristics of hub and wave-initiator cells in b

cell networks. Biophys J 2023;122(5):784e801. Mar 7.

[35] Cabrera O, Ficorilli J, Shaw J, Echeverri F, Schwede F, Chepurny O, et al.

Intra-islet glucagon confers b-cell glucose competence for first-

phase insulin secretion and favors GLP-1R stimulation by exogenous
MOLECULAR METABOLISM 85 (2024) 101947 � 2024 The Authors. Published by Elsevier GmbH. This is
www.molecularmetabolism.com
glucagon. J Biol Chem 2022;298(2):101484. https://doi.org/10.1016/

j.jbc.2021.101484.

[36]] Tian G, Sandler S, Gylfe E, Tengholm A. Glucose- and hormone-induced cAMP

oscillations in a- and b-cells within intact pancreatic islets. Diabetes

2011;60(5):1535e43. https://doi.org/10.2337/db10-1087.

[37] Dyachok O, Isakov Y, Sågetorp J, Tengholm A. Oscillations of cyclic AMP in

hormone-stimulated insulin-secreting b-cells. Nature 2006;439(7074):349e

52. https://doi.org/10.1038/nature04410.

[38] Nyqvist D, Speier S, Lopez-Cabeza M, Villate S, Abdulreda MH, Ricordi C, et al.

Donor islet endothelial cells in pancreatic islet revascularization. Diabetes

2011;60(10):2571e7. https://doi.org/10.2337/db10-1711.

[39] Rodriguez-Diaz R, Speier S, Molano RD, Formoso A, Gans I, Abdulreda MH,

et al. Noninvasive in vivo model demonstrating the effects of autonomic

innervation on pancreatic islet function. Proc Natl Acad Sci U S A

2012;109(52):21456e61. https://doi.org/10.1073/pnas.1211659110.

[40] Duttaroy A, Zimliki C, Gautam D, Cui Y, Mears D, Wess J. Muscarinic stim-

ulation of pancreatic insulin and glucagon release is abolished in M3

muscarinic acetylcholine receptoredeficient mice. Diabetes 2004;53(7):

1714e20. https://doi.org/10.2337/diabetes.53.7.1714.

[41]] Chen C, Chmelova H, Cohrs C, Chouinard J, Jahn S, Stertmann J, et al. Al-

terations in b-cell calcium dynamics and efficacy outweigh islet mass

adaptation in compensation of insulin resistance and prediabetes onset.

Diabetes 2016;65(9):2676e85. https://doi.org/10.2337/db15-1718.

[42] Hodson D, Mitchell R, Bellomo E, Sun G, Vinet L, Meda P, et al. Lipotoxicity

disrupts incretin-regulated human b cell connectivity. J Clin Investig

2013;123(10):4182e94. https://doi.org/10.1172/jci68459.

[43] Akalestou E, Suba K, Lopez-Noriega L, Georgiadou E, Chabosseau P, Gallie A,

et al. Intravital imaging of islet Ca2þ dynamics reveals enhanced b

cell connectivity after bariatric surgery in mice. Nat Commun 2021;12(1):5165.

27.

[44] Gonzalez A, Merino B, Marroquí L, Ñeco P, Alonso-Magdalena P, Caballero-

Garrido E, et al. Insulin hypersecretion in islets from diet-induced hyper-

insulinemic obese female mice is associated with several functional adapta-

tions in individual b-cells. Endocrinology 2013;154(10):3515e24.

[45] Do OH, Gunton JE, Gaisano HY, Thorn P. Changes in beta cell function occur in

prediabetes and early disease in the Leprdb mouse model of diabetes. Dia-

betologia 2016;59:1222e30.

[46]] Corezola do Amaral ME, Kravets V, Dwulet JM, Farnsworth NL, Piscopio R,

Schleicher WE, et al. Caloric restriction recovers impaired b-cell-b-cell

gap junction coupling, calcium oscillation coordination, and insulin

secretion in prediabetic mice. Am J Physiol Endocrinol Metab 2020;319(4):

E709e20.

[47] Pocai A, Carrington P, Adams J, Wright M, Eiermann G, Zhu L, et al. Glucagon-

Like peptide 1/glucagon receptor dual agonism reverses obesity in mice.

Diabetes 2009;58(10):2258e66. https://doi.org/10.2337/db09-0278.

[48] Nahra R, Wang T, Gadde KM, Oscarsson J, Stumvoll M, Jermutus L, et al.

Effects of cotadutide on metabolic and hepatic parameters in adults with

overweight or obesity and type 2 diabetes: a 54-week randomized phase 2b

study. Diabetes Care 2021;44(6):1433e42.

[49] Henderson SJ, Konkar A, Hornigold DC, Trevaskis JL, Jackson R, Fritsch Fredin M,

et al. Robust anti-obesity and metabolic effects of a dual GLP-1/glucagon receptor

peptide agonist in rodents and non-human primates. Diabetes Obes Metabol

2016;18(12):1176e90. https://doi.org/10.1111/dom.12735.
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 11

https://doi.org/10.1006/bbrc.1993.2226
https://doi.org/10.1006/bbrc.1993.2226
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref21
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref21
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref21
https://doi.org/10.1007/s00125-006-0481-3
https://doi.org/10.1016/j.mce.2008.07.009
https://doi.org/10.1038/nm1701
https://doi.org/10.1016/j.peptides.2018.04.008
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref26
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref26
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref26
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref26
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref26
https://doi.org/10.3390/cells10092495
https://doi.org/10.1073/pnas.0237106100
https://doi.org/10.1210/en.2015-1104
https://doi.org/10.1007/s00125-014-3468-5
https://doi.org/10.1016/j.cmet.2014.11.004
https://doi.org/10.1159/000495665
https://doi.org/10.1529/biophysj.108.140863
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref34
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref34
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref34
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref34
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref34
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref34
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref34
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref34
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref34
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref34
https://doi.org/10.1016/j.jbc.2021.101484
https://doi.org/10.1016/j.jbc.2021.101484
https://doi.org/10.2337/db10-1087
https://doi.org/10.1038/nature04410
https://doi.org/10.2337/db10-1711
https://doi.org/10.1073/pnas.1211659110
https://doi.org/10.2337/diabetes.53.7.1714
https://doi.org/10.2337/db15-1718
https://doi.org/10.1172/jci68459
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref43
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref43
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref43
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref43
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref43
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref44
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref44
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref44
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref44
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref44
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref45
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref45
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref45
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref45
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref45
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref46
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref46
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref46
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref46
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref46
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref46
https://doi.org/10.2337/db09-0278
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref48
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref48
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref48
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref48
http://refhub.elsevier.com/S2212-8778(24)00078-4/sref48
https://doi.org/10.1111/dom.12735
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

	Intra-islet glucagon signalling regulates beta-cell connectivity, first-phase insulin secretion and glucose homoeostasis
	1. Introduction
	2. Results
	2.1. Gcgrβ-cell−/− islets have normal expression levels of β-cell identity and “disallowed” genes, but display disturbed insulin ...
	2.2. Gcgrβ-cell−/− mice exhibit an insulin secretory deficit
	2.3. In vitro calcium imaging reveals that β-cell GCGR loss affects coordinated [Ca2+]I activity
	2.4. In vivo [Ca2+]I imaging reveals that the loss of co-ordinated calcium activity in Gcgrβ-cell−/− islets is only partially re ...
	2.5. Diet-induced obesity (DIO) results in reduced β-cell connectivity which can be restored by chronic administration of a GCG- ...

	3. Discussion
	4. Future directions and conclusion
	5. Methods
	5.1. Animals
	5.2. qPCR Analysis
	5.3. Metabolic testing
	5.4. Hyperglycaemic clamp experiments
	5.5. Insulin, glucagon and GLP-1 immunoassays
	5.6. Dynamic in vitro glucose-stimulated insulin secretion experiments
	5.7. In vitro perifusion experiments
	5.8. Wave characteristics
	5.9. Wave Propagation
	5.10. In vitro and in vivo connectivity
	5.11. Peptide generation and receptor activation (cAMP) assay
	5.12. Static in vitro glucose- and GCG-Ang-stimulated insulin secretion experiments
	5.13. In vivo imaging experiments
	5.14. Statistical analyses

	CRediT authorship contribution statement
	Declaration of competing interest
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


