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Glucose inhibits glucagon secretion by
decreasing [Ca2þ]c and by reducing the efficacy
of Ca2þ on exocytosis via somatostatin-
dependent and independent mechanisms
Bilal Singh, Firas Khattab, Patrick Gilon*
ABSTRACT

Objective: The mechanisms by which glucose stimulates insulin secretion from b-cells are well established and involve inhibition of ATP-
sensitive Kþ (KATP) channels, followed by a rise in [Ca2þ]c that triggers exocytosis. However, the mechanisms by which glucose controls
glucagon release from a-cells are much less known. In particular, it is debated whether the sugar controls glucagon secretion by changing a-cell
[Ca2þ]c, and whether KATP channels or paracrine factors are involved. The present study addresses these issues.
Methods: We tested the effect of a decrease or an increase of glucose concentration (Gx, with x ¼ concentration in mM) on a-cell [Ca2þ]c and
glucagon secretion. a-cell [Ca2þ]c was monitored using GluCreGCaMP6f mice expressing the Ca2þ-sensitive fluorescent protein, GCaMP6f,
specifically in a-cells. [Ca2þ]c was compared between dispersed a-cells and a-cells within islets to evaluate the potential contribution of an
indirect effect of glucose. The same protocols were used for experiments of glucagon secretion from whole islets and [Ca2þ]c measurements to
test if changes in glucagon release mirror those in a-cell [Ca2þ]c.
Results: Blockade of KATP channels by sulfonylureas (tolbutamide 100 mM or gliclazide 25 mM) strongly increased [Ca2þ]c in both dispersed a-cells
and a-cells within islets. By contrast, glucose had no effect on [Ca2þ]c in dispersed a-cells, whereas it affected it in a-cells within islets. The effect of
glucose was however different in islets expressing (Sstþ/þ) or not somatostatin (SST) (Sst�/�). Decreasing glucose concentration from G7 to G1
modestly increased a-cell [Ca2þ]c, but to a slightly larger extent in Sstþ/þ islets than in Sst�/� islets. This G1-induced [Ca2þ]c rise was also
observed in the continuous presence of sulfonylureas in both Sstþ/þ and Sst�/� islets. Increasing glucose concentration from G7 to G20 did not
affect a-cell [Ca2þ]c in Sstþ/þ islets which remained low, whereas it strongly increased it in Sst�/� islets. The observations that this increase was
seen only in a-cells within islets but never in dispersed a-cells and that it was abrogated by the gap junction inhibitor, carbenoxolone, point to an
indirect effect of G20 and suggest that, in Sst�/� islets, G20-stimulated b-cells entrain a-cells whereas, in Sstþ/þ islets, the concomitant release of
SST keeps a-cell [Ca2þ]c at low levels. The [Ca2þ]c lowering effect of endogenous SST is also supported by the observation that SST receptor
antagonists (SSTR2/3) increased [Ca2þ]c in a-cells from Sstþ/þ islets. All these [Ca2þ]c changes induced parallel changes in glucagon release. To
test if glucose also controls glucagon release independently of [Ca2þ]c changes, additional experiments were performed in the continuous presence
of 30 mM Kþ and the KATP channel opener diazoxide (250 mM). In these conditions, a-cell [Ca

2þ]c within islets was elevated and its steady-state level
was unaffected by glucose. However, decreasing the glucose concentration from G7 to G1 stimulated glucagon release whereas increasing it from
G1 to G15 inhibited it. These effects were also evident in Sst�/� islets, and opposite to those on insulin secretion.
Conclusions: We propose a model according to which glucose controls a-cell [Ca2þ]c and glucagon secretion through multiple mechanisms.
Increasing the glucose concentration modestly decreases [Ca2þ]c in a-cells independently of their KATP channels and partly via SST. The
involvement of SST increases with the glucose concentration, and one major effect of SST is to keep a-cell [Ca2þ]c at low levels by counteracting
the effect of an entrainment of a-cells by b-cells when b-cells become stimulated by glucose. All these [Ca2þ]c changes induce parallel changes
in glucagon release. Glucose also decreases the efficacy of Ca2þ on exocytosis by an attenuating pathway that is opposite to the well-established
amplifying pathway controlling insulin release in b-cells.
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1. INTRODUCTION

Glucagon, released by pancreatic a-cells in response to hypoglycemia,
plays a major role in glucose homeostasis by counteracting the action
of insulin [1]. Its main effect is to mobilize glucose from the liver by
promoting glycogenolysis and gluconeogenesis, but it also regulates
amino acid metabolism by increasing ureagenesis [2,3]. Insulin,
released by pancreatic b-cells in response to hyperglycemia, is the
main hypoglycemic hormone [4]. Diabetes is a metabolic disease in
which insulin secretion/action is impaired, leading to hyperglycemia. It
is also characterized by hyperglucagonemia which aggravates hy-
perglycemia. Moreover, diabetic patients suffer from an impaired
glucagon response to hypoglycemia, which can lead to potentially life-
threatening hypoglycemic coma [5e7].
The mechanisms by which glucose stimulates insulin secretion are
well established. By entering b-cells, glucose increases the ATP/ADP
ratio which closes ATP-sensitive Kþ (KATP) channels in the plasma
membrane. The resulting decrease in Kþ conductance depolarizes the
plasma membrane to a potential which reaches the threshold for
activation of high-threshold voltage-gated Ca2þ channels (VGCC),
mainly L-type, leading to their opening and the subsequent rise in the
cytosolic free Ca2þ concentration ([Ca2þ]c), which triggers exocytosis
[4,8]. Despite sharing key components of b-cells (such as KATP
channels and L-type VGCC), a-cells are not stimulated, but instead
inhibited by glucose. It is well established that a rise in [Ca2þ]c in a-
cells triggers exocytosis of glucagon [9]. However, it is still unclear
whether the control of glucagon secretion by glucose requires changes
in a-cell [Ca2þ]c. Experiments on dispersed islet cells show very
divergent results. An increase of glucose concentration decreased
[10e12], increased [13], or did not clearly affect a-cell [Ca2þ]c [14e
16]. Because these effects were observed on isolated cells, it is
assumed that they result from a direct action of glucose on a-cells
(intrinsic control). Several mechanisms of inhibition by glucose have
been proposed [7,17e20]. The store-operated model suggests that an
increase in the glucose concentration activates sarco-endoplasmic
reticulum Ca2þ-ATPase (SERCA), which fills the endoplasmic reticu-
lum (ER) with Ca2þ, leading to an inhibition of a depolarizing store-
operated current, a reduction in the activity of VGCC and a decrease
in [Ca2þ]c [17]. An alternative model suggests that the drop in [Ca2þ]c
induced by glucose results from a closure of KATP channels which
depolarizes the cell and leads to an inactivation of low-threshold
voltage-gated channels (mainly Naþ (Nav) and less importantly T-
type Ca2þ channels), a reduction in action potential amplitude and a
decrease in Ca2þ influx via VGCC (mostly P/Q type) [21e24]. This
model is however difficult to reconcile with some studies reporting that
KATP channel blockers increase a-cell [Ca2þ]c [11,14,25e29]. Other
models include the activation by glucose of the hyperpolarizing Naþ/
Kþ pump [30] or of the two-pore-domain Kþ channel (K2P), TASK1
[31], or the inhibition by glucose of Ca2þ-activated Kþ channels that
limits Ca2þ influx [32]. These mechanisms are however in contra-
diction with the study by Olsen et al. [13] showing that glucose in-
creases a-cell [Ca2þ]c by closing KATP channels leading to a
stimulation of Ca2þ influx, as in b-cells. Experiments on whole islets
also reported contradictory results [15,16,23,33e38]. Thus, [Ca2þ]c
measurements in a-cells by confocal or total internal reflection fluo-
rescence (TIRF) microscopy with chemical probes reported that
glucose decreased [23,33,34,39], increased [16,36], or did not clearly
affect a-cell [Ca2þ]c [15,16,36,37,39,40]. Heterogeneous and some-
times opposite responses were observed in subsets of a-cells within
the same study [15,16,36e38,39,40]. [Ca2þ]c measurements with the
Ca2þ-sensitive protein GCaMP3 targeted specifically to a-cells
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reported that glucose decreased [Ca2þ]c [35]. The control of [Ca2þ]c in
a-cells within islets might involve mechanisms additional to those
responsible for the intrinsic control [7,17e20]. They include a control
by paracrine factors such as somatostatin (SST) released by d-cells
[41,42e44], juxtacrine signalling [40,45,46] or electrical coupling
between cells [47]. The causes of all the discrepant effects of glucose
on a-cell [Ca2þ]c are unclear and might be attributed to differences in
experimental conditions, models or techniques. The cell specificity of
[Ca2þ]c measurements is likely inferior with chemical Ca2þ probes
than with Ca2þ-sensitive proteins targeted to a-cells, even using
optical sectioning tools. It has also been suggested that glucose in-
duces a local decrease in [Ca2þ]c that would not be visible with whole
cell imaging [15]. It is possible that the effects of glucose depend on
the concentration used [38]. All these divergent results and different
hypotheses illustrate the complexity of a-cell control by glucose, and
probably reflects our poor understanding of this control.
In the present study, we used a transgenic mouse model expressing
the Ca2þ indicator, GCaMP6f, specifically in a-cells (GluCreGCaMP6f/
Sstþ/þ mice) to study the mechanisms of control of a-cell [Ca2þ]c by
glucose. We chose this probe because it has a better sensitivity, a
higher performance and is more suitable for fast Ca2þ dynamics than
GCaMP3 [48e50]. We compared the [Ca2þ]c responses in dispersed
a-cells versus a-cells within islets. We evaluated the role of KATP
channels in the effect of glucose using sulfonylureas which close these
channels. To investigate the involvement of SST, we crossed Glu-
CreGCaMP6f/Sstþ/þ mice with Sst�/� mice to generate Glu-
CreGCaMP6f/Sst�/� and used antagonists of SST receptors (SSTR).
Since we previously reported that the doseeresponse curve of the
effect of glucose on glucagon secretion displays a U-shape in Sst�/�

mice (but not in Sstþ/þ mice), with a minimum at 7 mM glucose [43],
we tested the effect of a change in the glucose concentration in two
opposite directions: a drop from 7 mM (referred to as NG for Nor-
moGlycemic range) to 1 mM (LG: Low Glucose), and a rise from 7 mM
to 15e20 mM (HG: High Glucose). By measuring [Ca2þ]c changes in a-
cells within islets and glucagon secretion using the same perifusion
protocols, we tested whether the changes in glucagon secretion mirror
those in [Ca2þ]c. We report that glucose acts via several pathways to
inhibit glucagon secretion, depending on the glucose concentration.
Decreasing the glucose concentration from NG to LG increases a-cell
[Ca2þ]c and stimulates glucagon release by a mechanism that is in-
dependent of KATP channels and, at least partly, independent of SST.
On the other hand, increasing the glucose concentration from NG to HG
increases a-cell [Ca2þ]c and glucagon secretion in Sst�/� islets but
not in Sstþ/þ islets, which indicates that, in Sstþ/þ islets, HG starts to
recruit SST to inhibit [Ca2þ]c and glucagon release. The stimulatory
effect of HG in the absence of SST is indirect because it is lost in
dispersed a-cells. We also demonstrate that LG increases the efficacy
of Ca2þ on exocytosis in a-cells while HG decreases it by SST-
independent mechanisms.

2. MATERIALS AND METHODS

2.1. Animals
Two mouse models were used, GluCreGCaMP6f/Sstþ/þ and Glu-
CreGCaMP6f/Sst�/�mice, as previously described [29]. The first model
was generated by crossing Lox-STOP-Lox-GCaMP6f/Sstþ/þ mice (ob-
tained from Jackson Laboratory stock No: 024105) with GluCre/Sstþ/þ

mice, previously described [51]. This crossing allows the excision of the
STOP cassette and the subsequent expression of GCaMP6f specifically
in a-cells. GluCreGCaMP6f/Sst�/� mice were generated by further
crossing GluCreGCaMP6f/Sstþ/þ mice with Sst�/� mice [52]. This
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

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


model is thus characterized by the expression of GCaMP6f specifically
in a-cells and the lack of expression of SST. The study was approved by
our ethics commission for animal experimentation (2014/UCL/MD/016
and 2018/UCL/MD/18 projects).

2.2. Solutions and drugs
The medium used for perifusion and [Ca2þ]c experiments contained (in
mM) 124 NaCl, 4.8 KCl, 2.5 CaCl2, 1.2 MgCl2, 20 NaHCO3 and 1 mg/ml
BSA, and was supplemented with a mixture of 6 mM amino acids (2 mM
alanine, 2 mM arginine and 2 mM glutamine). In experiments with K30,
NaCl and KCl concentrations were 98.8 mM and 30 mM, respectively, to
maintain the osmolarity of the medium constant. The medium had a pH
of 7.4 and was continuously gassed throughout the experiments with
O2:CO2 (95:5%). Test agents were added as indicated in the figures
except for thapsigargin (2 mM) which was added in preincubation for 2 h.
Adrenaline was obtained from Sterop, CYN154806 from Tocris, colla-
genase P from Roche, H6056 from Bachem and RO280450 from Axon
Medchem. All other compounds were obtained from Merck.

2.3. Preparation of isolated islets and dispersed cells
Pancreases from GluCreGCaMP6f/Sstþ/þ and GluCreGCaMP6f/Sst�/�

mice were digested with collagenase P (0.65 mg/ml) to obtain isolated
islets. Dispersed cells were plated on coverslips after dissociating iso-
lated islets with trypsineEDTA (0.25%). Isolated islets for perifusion
experiments were cultured overnight in RPMI 1640 medium containing
7 mM glucose and 10% heat inactivated FBS whereas isolated islets and
dispersed cells for [Ca2þ]c experiments were cultured for up to 3 days.

2.4. Dynamic secretion experiments with isolated islets
Isolated islets (150e250) were placed in 750 ml chambers and peri-
fused at 37 �C at a flow rate of 0.5 ml/min. After a 20 min equilibration
period with the first solution, effluent was collected every 2.5 min.
Glucagon (Merck Millipore GL-32 K) and insulin (homemade assay)
were measured by radioimmunoassay. We verified that all drugs did
not interfere with the assays.

2.5. [Ca2þ]c measurements
Isolated islets and dispersed cells were placed in 1.5 ml chambers and
perifused at 37 �C at a flow rate of 0.5 ml/min. A Zeiss Axiovert 100
inverted microscope equipped with a 40x objective was used to
measure changes in GCaMP6f fluorescence in dispersed a-cells. A
Nikon eclipse TE2000-E inverted microscope equipped with a 40x
objective and a confocal QLC100 spinning disk was used to measure
changes in GCaMP6f fluorescence in a-cells within islets. GCaMP6f
was excited at 491 nm (confocal) or 495 nm (epifluorescence) and
emitted fluorescence was recorded at 503e552 nm (confocal) or
510e560 (epifluorescence). An EMCCD QuantEM 512SC or a sCMOS
Prime 95 B (Photometrics) camera controlled by Metafluor software
was used to acquire the images every 1e3 s.
We previously assessed the a-cell specificity of GCaMP6f expression
[29]. It was very high: 96% in GluCreGCaMP6f/Sstþ/þmice and 94% in
GluCreGCaMP6f/Sst�/� mice. To further ensure the identity of a-cells
analyzed in this study, we systematically applied adrenaline, an a-cell
specific secretagogue [10], at the end of all [Ca2þ]c experiments. Only
cells responding to adrenaline by a rise in [Ca2þ]c were considered as
a-cells and selected (representative traces shown in Supplementary
Figures).

2.6. Statistical analyses and data presentation
Results are presented as representative traces or means � SEM for
islets or dispersed cells from at least three different mice (n¼ number
MOLECULAR METABOLISM 61 (2022) 101495 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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of cells for [Ca2þ]c experiments or number of islet preparations from
different mice for secretion experiments). Secretion experiments are
presented as pg/islet/min whereas [Ca2þ]c measurements are pre-
sented as F/F0 where F is the fluorescence intensity at a given time
point and F0 the lowest fluorescence intensity. Because of the lack of
synchronicity of [Ca2þ]c changes between a-cells within and between
experiments, the times at which the minimum (F/F0 ¼ 1) occur are
different between cells. This explains why the mean of the F/F0 is
always higher than 1. Two-tailed paired Student t-test was used for
two sample comparisons of the same cell or islet batch whereas two-
tailed unpaired Student t-test was used to compare two different
populations of cells or batches of islets. Ordinary two-way, one-way or
two-way RM ANOVA with post hoc Sidak correction was used for
multiple comparisons. In most experiments in which an agent was
tested acutely and with a reversibility period, the comparison was
performed between the average of the period with the test agent and
the average of the periods preceding and following the test agent
(times indicated in the legends of the figures). This corrected for the
bias resulting from the spontaneous decrease or increase of the
measured signal ([Ca2þ]c or secretion) over time. All statistical tests
were calculated using GraphPad Prism 8.

3. RESULTS

3.1. Decreasing the glucose concentration from NG to LG increases
a-cell [Ca2þ]c and stimulates glucagon secretion by SST-dependent
and independent mechanisms
Using the GluCreGCaMP6f/Sstþ/þ mouse model, we evaluated the
effect of a decrease of the glucose concentration from NG to LG on a-
cell [Ca2þ]c. Switching from 7 mM (G7) to 1 mM glucose (G1) had no
consistent effect on [Ca2þ]c in dispersed a-cells (Figure 1A,B and
Supplementary Figure S1A). Only 3 cells out of 15 (20%) responded
with an increase in [Ca2þ]c (with, at least, a 5% increase in fluores-
cence intensity between 17 and 25 min versus 2e10 and 32e40 min)
while others did not respond (5/15) or responded with a decrease (7/
15) (Figure 1F). Since the F/F0 signal spontaneously decreased over
time by 10% on average (comparing mean of 17e25 min versus mean
of 2e10 and 32e40 min) (see Figure 1A), we considered that only
cells which displayed a decrease of >10% as being really inhibited by
G1, which occurred in 4 out of 15 a-cells (26.7%). We then measured
a-cell [Ca2þ]c within islets using a similar experimental protocol.
Interestingly, the Ca2þ activity was higher in a-cells within islets than
in dispersed a-cells as shown by the more frequent [Ca2þ]c oscilla-
tions (compare Supplementary Figure S1A with Supplementary
Figure S1B and C). The [Ca2þ]c response to G1 displayed again a
high variability (Supplementary Figure S1B). However, imaging 935 a-
cells within islets revealed that G1 significantly increased average
[Ca2þ]c (Figure 1C,D: blue trace and triangles). This increase reflected
a [Ca2þ]c rise in 43.7% of a-cells (409/935 a-cells with, at least, a 5%
increase in fluorescence intensity between 17 and 23 min versus 2e
8 min; Figure 1G: left histogram). 32.5% (304/935) of a-cells did not
respond to G1 and 23.8% (222/935) responded with a decrease. Since
the F/F0 signal also spontaneously decreased over time (a 15%
decrease estimated by extrapolation of the baseline in G7), we
considered that only cells which displayed a decrease>15% (between
17-23 min and 2e8 min) as being really inhibited by G1, which
occurred in a negligible fraction of a-cells (2.5%). It is unlikely that
these cells were b-cells because they were still active in G1 and they
responded to adrenaline that was systematically applied at the end of
the experiments (not shown). The observation that G1 increased
average [Ca2þ]c in a-cells within islets but had no significant effect in
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 1: Low glucose concentration stimulates glucagon secretion and elevates [Ca2D]c in a small percentage of a-cells within islets. a-cell [Ca2þ]c (AeE) was
measured in either dispersed cells (A and B) or whole islets (CeE) from either GluCreGCaMP6f/Sstþ/þ (blue traces) or GluCreGCaMP6f/Sst�/� (red traces) mice. Glucagon secretion
was measured in whole islets from either GluCreGCaMP6f/Sstþ/þ (blue trace) or GluCreGCaMP6f/Sst�/� (red trace) (HeJ). Dispersed cells or whole islets were perifused
consecutively with 7 mM (G7) and 1 mM glucose (G1). Panel A represents the mean traces � SEM of 15 cells from 3 experiments. Panel C represents the mean traces � SEM of
935 cells from 64 experiments (blue trace) and 741 cells from 58 experiments (red trace). Panel H represents the mean traces � SEM of 8 (blue trace) and 7 experiments (red
trace). Panels B and D represent the scatter plots of individual cells (B, n ¼ 15 cells/3 mice; D, n ¼ 935 cells/107 islets/27 GluCreGCaMP6f/Sstþ/þ mice and n ¼ 741 cells/104
islets/18 GluCreGCaMP6f/Sst�/� mice; two-tailed paired t-tests) with the means � SEM of the average [Ca2þ]c calculated from panel A (G7, mean of 2e10 min and 32e40 min;
G1, mean of 17e25 min) and C (G7, mean of 2e8 min; G1, mean of 17e23 min), respectively. Panels F and G represent stacked columns showing the percentage of dispersed a-
cells (F) and a-cells within islets (G) responding to G1 with a decrease (light red and red) and an increase (green) in [Ca2þ]c and the percentage of a-cells which do not respond to
G1 (grey), based on the ratio of the signal from Figure 1A (mean of 17e25 min/mean of 2e10 min and 32e40 min; F) and Figure 1C (mean of 2e8 min/mean of 17e23 min; G).
Panel I represents the scatter plot of individual experiments with the means � SEM (Ordinary two-way and two-way RM ANOVA with Sidak correction) of the average glucagon
secretion calculated from panel H (G7, mean of 2e10 min and 32e40 min; G1, mean of 17e25 min). Panels E and J represent the scatter plots showing the percentage of the
increase in [Ca2þ]c (mean of 2e8 min/mean of 17e23 min) or glucagon (mean of 17e25 min/mean of 2e10 min and 32e40 min) in response to G1 (two-tailed unpaired t-tests),
calculated from panels C and H, respectively. ns, not significant; *P < 0.05; **P < 0.005; ***P < 0.001; ****P < 0.0001.
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isolated a-cells (compare Figure 1A with 1C) suggests that intra-islet
factors modulate a-cell activity. Such factors might involve contact-
dependent signalling (including juxtacrine influence and electrical
coupling), or paracrine/autocrine factors. Since SST acts as a strong
paracrine regulator of a-cells, we suspected SST to be involved.
Therefore, we performed the same experiment using GluCreGCaMP6f/
Sst�/� islets. Imaging 741 a-cells revealed that G1 significantly
increased average [Ca2þ]c (Figure 1C,D: red trace and circles, and
Supplementary Figure S1C). However, the amplitude of the increase
(12.8% increase) was lower than in a-cells from GluCreGCaMP6f/Sstþ/

þ islets (16.3% increase) (Figure 1E), probably because a lower per-
centage of a-cells (37.1%) responded to G1 with a [Ca2þ]c increase
(275/741 a-cells with, at least, a 5% increase in fluorescence intensity
between 17 and 23 min versus 2e8 min) (Figure 1G: right histogram).
Dynamic secretion experiments using a similar protocol showed that
G1 strongly stimulated glucagon release of both GluCreGCaMP6f/Sstþ/

þ and GluCreGCaMP6f/Sst�/� islets, with basal and stimulated
glucagon secretions being higher in Sst�/� islets than in Sstþ/þ islets
(Figure 1H,I: compare red and blue traces). This indicates that SST
exerts a tonic inhibition on glucagon release. Furthermore, the
amplitude of the increase of glucagon secretion in response to G1 was
higher in Sstþ/þ islets (450%) than in Sst�/� islets (179%) (Figure 1J)
and thus, at least partly, mirrored the higher increase in [Ca2þ]c.
The observation that the rise in a-cell [Ca2þ]c induced by G1 was
significantly larger in Sstþ/þ than in Sst�/� islets (Figure 1E) suggests
that the associated drop in SST secretion of Sstþ/þ islets contributes to
the [Ca2þ]c rise. To further evaluate this hypothesis, we tested the
effect of exogenous SST-14 on a-cell [Ca2þ]c of Sstþ/þ islets in G1
and G7 (Figure 2AeC). Interestingly, the amplitude of the SST-induced
drop in [Ca2þ]c was much smaller in G7 than in G1 probably because
endogenous SST released in response to G7 had already decreased
[Ca2þ]c (Figure 2C).
To verify the role of SST in the control of glucagon secretion by
glucose, we applied G1 in the presence of somatostatin receptor
(SSTR) antagonists. The acute application of the antagonists also al-
lows to test the effect of endogenous SST on [Ca2þ]c and glucagon
release. Since a-cells mainly express SSTR2 and SSTR3 [43], we used
a combination of CYN154806 (300 nM), a SSTR2 antagonist, and
H6056 (1 mM), a SSTR2/3 antagonist. Changing the glucose concen-
tration from 7 to 1 mM slightly increased a-cell [Ca2þ]c but strongly
stimulated glucagon secretion of GluCreGCaMP6f/Sstþ/þ islets and
these effects were reversible (Figure 2D,G: blue traces). Subsequent
application of the SSTR2/3 antagonists in a medium containing G7
elevated a-cell [Ca2þ]c and stimulated glucagon secretion, which
supports an inhibitory effect of endogenous SST on [Ca2þ]c and
glucagon release. Moreover, switching from G7 to G1 in the presence
of these antagonists slightly increased a-cell [Ca2þ]c and strongly
stimulated glucagon secretion (Figure 2D,E, G and H: blue traces and
triangles), also supporting the existence of a control of a-cell [Ca2þ]c
and glucagon release by G1 that is independent of endogenous SST.
Similar experiments were performed in GluCreGCaMP6f/Sst�/� islets.
G1 increased a-cell [Ca2þ]c and stimulated glucagon secretion
(Figure 2D,G: red traces). Surprisingly, the combination of both an-
tagonists also slightly elevated a-cell [Ca2þ]c of Sst�/� mice while
having no effect on glucagon secretion, probably because the effect on
[Ca2þ]c was too small to affect glucagon secretion. The amplitude of
the a-cell [Ca2þ]c increase was however smaller than that in Sstþ/þ

islets (Figure 2F) supporting an inhibitory effect of endogenous SST on
[Ca2þ]c. Switching from G7 to G1 in the presence of the antagonists
still increased a-cell [Ca2þ]c and glucagon secretion in this model
lacking SST (Figure 2D,E, G and H: red traces and circles). Taken
MOLECULAR METABOLISM 61 (2022) 101495 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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together, these data suggest that G1 induces an increase in a-cell
[Ca2þ]c that is, for one part, dependent of endogenous SST, and, for
another part, independent of SST. This [Ca2þ]c increase likely con-
tributes to the glucagonotropic effect of G1. It is, however, of much
smaller amplitude than that elicited by K30 (shown later in Figures 6A
and 7A).

3.2. Decreasing the glucose concentration from NG to LG increases
a-cell [Ca2þ]c and stimulates glucagon secretion independently of
a-cell KATP channels
We next investigated the role of KATP channels in the control of a-cell
[Ca2þ]c and glucagon secretion by glucose. Therefore, we tested the
effect of glucose in the presence of a high concentration of the KATP
channel blocker, tolbutamide. Addition of 100 mM tolbutamide to a
medium containing G7 increased [Ca2þ]c of both dispersed a-cells and
a-cells within islets, and stimulated glucagon secretion from islets
(Figure 3AeF and Supplementary Figure S2A and B). Switching from
G7 to G1 further stimulated glucagon secretion with mild effect on
[Ca2þ]c in a-cells within islets and no significant effect on [Ca2þ]c in
dispersed a-cells. Readmission of G7 induced a decrease in [Ca2þ]c
which was only transient in dispersed a-cells. Since it has been re-
ported that tolbutamide could also act via a mechanism independent of
KATP channels, but dependant on Epac2 (exchange protein directly
activated by cAMP 2), we repeated the same experiments using gli-
clazide, a KATP channel blocker that lacks effect on Epac2 [53], and
obtained similar results. 25 mM gliclazide increased a-cell [Ca2þ]c and
stimulated glucagon release (Supplementary Figures S2C, D and S3).
G1 in the presence of gliclazide also stimulated glucagon secretion
with a slight increase in [Ca2þ]c in a-cells within islets. These data
suggest that LG increases [Ca2þ]c and stimulates glucagon secretion
independently of KATP channels. We also performed similar experi-
ments with GluCreGCaMP6f/Sst�/� islets which lack paracrine influ-
ence of SST. Tolbutamide increased a-cell [Ca2þ]c within islets and
glucagon secretion in G7. Switching to G1 still slightly elevated [Ca2þ]c
in a-cells but did not seem to stimulate glucagon secretion
(Figure 3GeJ and Supplementary Figure S4). However, switching back
to G7 clearly inhibited glucagon secretion (Figure 3I), suggesting that
G1 is stimulatory compared to G7. To test whether this stimulatory
effect of G1 could be repeatedly observed, we performed an additional
series of experiments in which we challenged the islets with two
consecutive applications of G1 (Figure 3K and L). Switching twice from
G7 to G1 clearly stimulated glucagon secretion in the presence of
tolbutamide, and this effect was fully reversed when returning to G7, in
islets expressing or not SST. This suggests that glucose controls
glucagon secretion independently of KATP channels and SST. Again,
basal and stimulated glucagon secretions were higher in Sst�/� islets
than in Sstþ/þ ones, reinforcing the conclusion that SST tonically in-
hibits glucagon secretion (Figure 3K and L).

3.3. In the absence of paracrine influence of SST, HG increases
[Ca2þ]c in a-cells within islets and stimulates glucagon secretion by
an indirect mechanism
We then evaluated the effect of an increase of glucose concentration
from NG to HG on a-cell [Ca2þ]c. In preparations from GluCreGCaMP6f/
Sstþ/þ mice, switching from G7 to 20 mM glucose (G20) did not affect
[Ca2þ]c in dispersed a-cells (Figure 4A,B: blue trace and triangles, and
Supplementary Figure S5A), and it induced only a transient increase in
a-cells within islets (Figure 4C,D: blue trace and triangles, and
Supplementary Figure S5C). The amplitude of this transient [Ca2þ]c
increase was variable between experiments and sometimes very small
(Figure 5I, blue trace). Despite this transient increase, G20 had no
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Figure 2: G1 elevates a-cell [Ca2D]c and stimulates glucagon secretion by a mechanism that is partly dependent on SST. a-cell [Ca2þ]c (AeF) and glucagon secretion (G
and H) were measured in isolated islets from either GluCreGCaMP6f/Sstþ/þ (brown, green and blue traces) or GluCreGCaMP6f/Sst�/� (red traces) mice perifused with 7 mM (G7)
and 1 mM glucose (G1). SST-14 (SST-14 1 mM) was added in either G1 or G7 (AeC) whereas H6056 (H6056 1 mM), a SSTR2 and SSTR3 antagonist, was added in combination
with CYN154806 (CYN154806 300 nM), a SSTR2 antagonist in G7, when indicated (DeH), to prevent the endogenous action of SST on a-cells. Panels A, D and G represent the
mean traces � SEM from 3 to 5 experiments. Panels B and E represent the scatter plots of individual cells (B, n ¼ 85 cells/11 islets/5 mice for G1 and n ¼ 49 cells/7 islets/3 mice
for G7; E, n ¼ 57 cells/5 islets/3 mice for GluCreGCaMP6f/Sstþ/þ and n ¼ 63 cells/7 islets/4 mice for GluCreGCaMP6f/Sst�/�; one-way RM ANOVA with Sidak correction) with the
means � SEM of the average [Ca2þ]c calculated from panel A (G1 or G7, mean of 2e10 min; G1 SST-14 or G7 SST-14, mean of 17e25 min) and D (G7, mean of 32e40 min; G7
H6056 þ CYN15486, mean of 47e55 min, G1 H6056 þ CYN154806, mean of 63e70 min), respectively. Panels C and F represent the scatter plot showing the percentage of the
decrease or increase in [Ca2þ]c in response to SST-14 (mean of 17e25 min/mean of 2e10 min; two-tailed unpaired t-test) or H6056 þ CYN154806 (mean of 47e55 min/mean of
32e40 min; two-tailed unpaired t-test), respectively. Panel H represents the scatter plot of individual experiments with the means � SEM (Ordinary two-way and two-way RM
ANOVA with Sidak correction) of the average glucagon secretion calculated from panel G (G7, mean of 32e40 min; G7 H6056 þ CYN15486, mean of 47e55 min, G1
H6056 þ CYN154806, mean of 62e70 min). ns, not significant; *P < 0.05; **P < 0.005; ***P < 0.001; ****P < 0.0001.
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Figure 3: G1 stimulates glucagon secretion in the presence of tolbutamide. a-cell [Ca2þ]c was measured in dispersed islet cells (A and B) and isolated islets (C, D, G and H)
whereas glucagon secretion was only measured in isolated islets (E, F, I, J, K and L). Dispersed islet cells and isolated islets from GluCreGCaMP6f/Sstþ/þ (blue traces) and isolated
islets from GluCreGCaMP6f/Sst�/� (red traces) mice were both perifused with 7 mM (G7) and 1 mM glucose (G1). Tolbutamide (Tolb 100 mM), a KATP channel blocker, was added
in G7 as indicated. Panels A, C, E, G I and K represent the mean traces � SEM of 3e4 experiments. Panels B, D and H represent the scatter plots of individual cells (B, n ¼ 33
cells/3 mice; D, n ¼ 41 cells/4 islets/3 mice; H, n ¼ 34 cells/4 islets/3 mice; one-way RM ANOVA with Sidak correction) with the means � SEM of the average [Ca2þ]c calculated
from panel A (G7, mean of 2e10 min and 62e70 min; G7 Tolb, mean of 17e25 min and 47e55 min; G1 Tolb, mean of 32e40 min), C (G7, mean of 0e8 min and 60e68 min; G7
Tolb, mean of 15e23 min and 45e53; G1 Tolb, mean of 30e38 min) and G (G7, mean of 2e10 min and 92e100 min; G7 Tolb, mean of 32e40 min and 77e85 min; G1 Tolb,
mean of 40e48 min), respectively. Panels F, J and L represent the scatter plots of individual experiments with the means � SEM (F and J, one-way RM ANOVA with Sidak
correction; L, Ordinary two-way and two-way RM ANOVA with Sidak correction) of the average glucagon secretion calculated from panel E (G7, mean of 2e10 min and 62e70 min;
G7 Tolb, mean of 20e25 min and 50e55 min; G1 Tolb, mean of 36e40 min), I (G7, mean of 2e10 min and 92e100 min; G7 Tolb, mean of 35e40 min and 72e80 min; G1 Tolb,
mean of 52e60 min) and K (G7, mean of 2e10 min and 92e100 min; G7 Tolb, mean of 17e25 min, 47e55 min and 77e85 min; G1 Tolb, mean of 32e40 min and 62e70 min),
respectively. For panel L, statistics were performed on the logarithm of the values obtained in pg/islet/min from panel K because of the high variability, in accordance with the
statistician of our university. ns, not significant; *P < 0.05; **P < 0.005; ***P < 0.001; ****P < 0.0001.
effect on glucagon secretion (Figure 4E,F: blue trace and triangles).
Interestingly, in preparations from GluCreGCaMP6f/Sst�/� mice, G20
was without effect on [Ca2þ]c in dispersed a-cells (Figure 4A,B: red
trace and circles, and Supplementary Figure S5B), whereas it strongly
increased [Ca2þ]c in a-cells within islets (Figure 4C,D: red trace and
circles, and Supplementary Figure S5D). Mimicking the osmotic effect
of G20 by adding 13 mM sucrose, a sugar that is not taken up by GLUT
transporters [54], to a medium containing G7 had no effect on [Ca2þ]c,
ruling out the hypothesis of an osmotic effect (Figure 4A,B, and
Supplementary Figure S5A and B). The G20-induced [Ca2þ]c increase
in a-cells within Sst�/� islets was parallel to a marked increase in
MOLECULAR METABOLISM 61 (2022) 101495 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
glucagon release (Figure 4E,F: red trace and circles). These obser-
vations suggest that, in normal islets, a high glucose concentration
recruits SST to keep both [Ca2þ]c and glucagon secretion at low levels.
This hypothesis is supported by the observation that exogenous SST-
14 prevented the rise in a-cell [Ca2þ]c induced by G20 in Glu-
CreGCaMP6f/Sst�/� islets (Figure 4G,H).
We next tested whether the glucagonotropic effect of G20 in the
absence of SST could be mimicked by an acceleration of glucose
metabolism by RO280450, a glucokinase activator. The addition of
RO280450 in the presence of G7 did not affect [Ca2þ]c in dispersed
a-cells of GluCreGCaMP6f/Sstþ/þ and GluCreGCaMP6f/Sst�/� mice
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 4: G20 elevates a-cell [Ca2D]c and stimulates glucagon secretion in the absence of SST. a-cell [Ca2þ]c (A-D, G and H) was measured in either dispersed cells (A and
B) or whole islets (C, D, G and H) from either GluCreGCaMP6f/Sstþ/þ (blue traces) or GluCreGCaMP6f/Sst�/� (red traces) mice. Glucagon secretion was measured in whole islets
from either GluCreGCaMP6f/Sstþ/þ (blue trace) or GluCreGCaMP6f/Sst�/� (red trace) (E and F). Dispersed cells or whole islets were perifused with 7 mM (G7), 20 mM (G20) and
1 mM glucose (G1). 13 mM sucrose (A and B) was added in G7 as indicated to mimic the osmotic effect of G20 (A and B) whereas SST-14 (SST-14 10 nM) was added in G7 (G and
H). Panels A, C, E and G represent the mean traces � SEM of 3e5 experiments. Panels B, D and H represent the scatter plots of individual cells (B, n ¼ 22 cells/4 mice for
GluCreGCaMP6f/Sstþ/þ and n ¼ 26 cells/5 mice for GluCreGCaMP6f/Sst�/�; D, n ¼ 97 cells/9 islets/5 mice for GluCreGCaMP6f/Sstþ/þ and n ¼ 23 cells/6 islets/3 mice for
GluCreGCaMP6f/Sst�/�; H, n ¼ 57 cells/9 islets/3 mice; one-way RM ANOVA with Sidak correction for B and H, and two-tailed paired t-tests for D) with the means � SEM of the
average [Ca2þ]c calculated from panel A (GluCreGCaMP6f/Sstþ/þ: G7, mean of 2e10 min and 25e29 min and 55e59 min; G20, mean of 17e25 min; G7 sucrose, mean of 48e
50 min; GluCreGCaMP6f/Sst�/�: G7, mean of 2e10 min and 32e40 min and 62e70 min; G20, mean of 17e25 min; G7 sucrose, mean of 47e55 min), C (G7, mean of 2e10 min
and 32e40 min; G20, mean of 10e25 min) and G (G7, mean of 2e10 min and 62e70 min; G7 SST-14 10 nM, mean of 17e25 min and 47e55 min; G20 SST-14 10 nM, mean of
32e40 min), respectively. Panel F represents the scatter plot of individual experiments with the means � SEM (Ordinary two-way and two-way RM ANOVA with Sidak correction)
of the average glucagon secretion calculated from panel E (G7, mean of 2e10 min and 32e40 min; G20, mean of 10e25 min). ns, not significant; *P < 0.05; **P < 0.005;
****P < 0.0001.
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Figure 5: Stimulating glucose metabolism elevates a-cell [Ca2D]c and stimulates glucagon secretion in the absence of SST. a-cell [Ca2þ]c (A-D, I and J) was measured
in either dispersed cells (A and B) or whole islets (C, D, I and J) from either GluCreGCaMP6f/Sstþ/þ (blue traces) or GluCreGCaMP6f/Sst�/� (red and orange traces) mice. Glucagon
(E and F) and insulin secretions (G and H) were measured in whole islets from either GluCreGCaMP6f/Sstþ/þ (blue traces) or GluCreGCaMP6f/Sst�/� (red traces). Dispersed cells or
whole islets were perifused with 7 mM (G7) and 1 mM glucose (G1). RO280450 (RO280450 10 mM), a glucokinase activator, was added in G7 to mimic the action of a high glucose
concentration (G20) (AeH) when indicated. Carbenoxolone (CBX 50 mM) was added in G7 and G20 when indicated and only in one set of experiments with GluCreGCaMP6f/Sst�/�

(orange trace) (I and J). Panels A, C, E, G and I represent the mean traces � SEM of 3e5 experiments. Panels B, D and J represent the scatter plots of individual cells (B, n ¼ 12
cells/3 mice for GluCreGCaMP6f/Sstþ/þ and n ¼ 9 cells/3 mice for GluCreGCaMP6f/Sst�/�; D, n ¼ 56 cells/8 islets/3 mice for GluCreGCaMP6f/Sstþ/þ and n ¼ 80 cells/10 islets/5
mice for GluCreGCaMP6f/Sst�/�; J, n ¼ 52 cells/8 islets/3 mice for GluCreGCaMP6f/Sstþ/þ, n ¼ 53 cells/8 islets/3 mice for GluCreGCaMP6f/Sst�/� and n ¼ 47 cells/7 islets/3
mice for GluCreGCaMP6f/Sst�/� with carbenoxolone, two-tailed paired t-tests) with the means � SEM of the average [Ca2þ]c calculated from panel A (GluCreGCaMP6f/Sstþ/þ: G7,
mean of 2e10 min and 47e55 min; G7 RO280450, mean of 10e23 min; GluCreGCaMP6f/Sst�/�: G7, mean of 2e10 min and 47e55 min; G7 RO280450, mean of 17e25 min)
and C (G7, mean of 2e10 min; G7 RO280450, mean of 17e25 min) and I (G7 or G7 CBX, mean of 17e25 min and 47e55 min; G20 or G20 CBX, mean of 32e40 min),
respectively. Panels F and H represent the scatter plots of individual experiments with the means � SEM (Ordinary two-way and two-way RM ANOVA with Sidak correction) of the
average glucagon and insulin secretions calculated from panel E and G (G7, mean of 2e10 min; G7 RO280450, mean of 17e25 min), respectively. ns, not significant;
***P < 0.001; ****P < 0.0001.
(Figure 5A,B, and Supplementary Figure S6A and B). It slightly
increased [Ca2þ]c in a-cells from GluCreGCaMP6f/Sstþ/þ islets, but
it did not significantly stimulate glucagon secretion (Figure 5CeF:
blue traces and triangles, and Supplementary Figure S6C). By
contrast, it induced a large increase in [Ca2þ]c in a-cells from Glu-
CreGCaMP6f/Sst�/� islets that was associated with a strong stim-
ulation of glucagon release (Figure 5CeF: red traces and circles, and
Supplementary Figure S6D). Thus, it recapitulated the effect of G20,
except for the slow onset and reversibility of the RO280450 effects.
Interestingly, the rate of insulin secretion was similar between
MOLECULAR METABOLISM 61 (2022) 101495 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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GluCreGCaMP6f/Sstþ/þ and GluCreGCaMP6f/Sst�/� islets, suggest-
ing that SST does not act as a tonic inhibitor of insulin secretion
(Figure 5G,H), as recently reported [29].
Since G20 and RO280450 failed to affect [Ca2þ]c in dispersed a-cells,
the sustained [Ca2þ]c increase they induce in a-cells within islets in the
absence of endogenous SST could result from a direct action on a-cells
that are rendered competent by contacts with neighboring islet cells or
by the islet microenvironment. Alternatively, it might involve an indirect
control of a-cell activity by acceleration of glucose metabolism, possibly
through b-cells. Indeed, the glucokinase activator strongly stimulated
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Figure 6: Low glucose (G1) increases the efficacy of a-cell [Ca2D]c on glucagon secretion. a-cell [Ca2þ]c (A and B), glucagon (C and D) and insulin secretions (E and F)
were measured in isolated islets from either GluCreGCaMP6f/Sstþ/þ (blue traces) or GluCreGCaMP6f/Sst�/� (red traces) mice perifused with 1 mM (G1) and 7 mM glucose (G7) and
pretreated with thapsigargin (2 mM) for 2 h. When indicated, the Kþ concentration of the medium was increased from 4.8 to 30 mM (K30). Diazoxide (Dz 250 mM), a KATP channel
opener, was present throughout. Panels A, C and E represent the mean traces � SEM of 6e7 experiments. Panel B represents the scatter plots of individual cells (n ¼ 141 cells/12
islets/6 mice for GluCreGCaMP6f/Sstþ/þ and n ¼ 167 cells/15 islets/7 mice for GluCreGCaMP6f/Sst�/�, two-tailed paired t-tests) with the means � SEM of the average [Ca2þ]c
calculated from panel A (GluCreGCaMP6f/Sstþ/þ: G7 Dz K30, mean of 27e35 min and 70e75 min; G1 Dz K30, mean of 65e70 min; GluCreGCaMP6f/Sst�/�: G7 Dz K30, mean of
27e35 min and 102e110 min; G1 Dz K30, mean of 50e60 min). Panels D and F represent the scatter plots of individual experiments with the means � SEM (Ordinary two-way
and two-way RM ANOVA with Sidak correction) of the average glucagon and insulin secretions calculated from panel C and E (G7 Dz K30, mean of 27e35 min and 100e105 min;
G1 Dz 30, mean of 62e70 min), respectively. ns, not significant; *P < 0.05; **P < 0.005; ***P < 0.001.
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insulin secretion of both GluCreGCaMP6f/Sstþ/þ and GluCreGCaMP6f/
Sst�/� islets. Possible mechanisms of this indirect control involve
paracrine factors or electrical coupling. To evaluate this possibility, we
tested whether carbenoxolone (CBX), an inhibitor of gap junctions
[47,55e57] and of pannexin 1 channels (Panx1) [58], altered the effect
of G20 on a-cell [Ca2þ]c from GluCreGCaMP6f/Sst�/� islets. CBX fully
prevented the [Ca2þ]c rise elicited by G20 in SST lacking islets
10 MOLECULAR METABOLISM 61 (2022) 101495 � 2022 The Author(s). Published by Elsevier GmbH. T
(Figure 5I,J). One potential side-effect of CBX is an inhibition of VGCC
[55]. However, this is unlikely the case since the drug did not decrease
a-cell [Ca2þ]c during sustained depolarization with high Kþ but instead
increased it (Supplementary Figure S6E and F). A previous report
showed that CBX did not inhibit action potentials in islets [57]. Alto-
gether, these data suggest that, in the absence of SST, glucose-
stimulated b-cells entrain a-cells.
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Figure 7: High glucose (G15) decreases the efficacy of a-cell [Ca2D]c on glucagon secretion. a-cell [Ca2þ]c (A and B), glucagon (C and D) and insulin secretions (E and F)
were measured in isolated islets from either GluCreGCaMP6f/Sstþ/þ (blue traces) or GluCreGCaMP6f/Sst�/� (red traces) mice perifused with 1 mM (G1) and 15 mM glucose (G15)
and pretreated with thapsigargin (2 mM) for 2 h. When indicated, the Kþ concentration of the medium was increased from 4.8 to 30 mM (K30). Diazoxide (Dz 250 mM), a KATP
channel opener, was present throughout. Panels A, C and E represent the mean traces � SEM of 3e4 experiments. Panel B represents the scatter plots of individual cells (n ¼ 42
cells/3 islets/3 mice for GluCreGCaMP6f/Sstþ/þ and n ¼ 55 cells/7 islets/4 mice for GluCreGCaMP6f/Sst�/�, two-tailed paired t-tests) with the means � SEM of the average
[Ca2þ]c calculated from panel A (G1 Dz K30, mean of 30e35 min and 90e95 min; G15 Dz K30, mean of 40e50 min). Panels D and F represent the scatter plots of individual
experiments with the means � SEM (Ordinary two-way and two-way RM ANOVA with Sidak correction) of the average glucagon and insulin secretions calculated from panel C
(GluCreGCaMP6f/Sstþ/þ: G1 Dz K30, mean of 30e35 min and 85e92 min; G15 Dz K30, mean of 37e45 min; GluCreGCaMP6f/Sst�/�: G1 Dz K30, mean of 30e35 min and 85e
92 min; G15 Dz K30, mean of 42e50 min) and E (G1 Dz K30, mean of 26e35 min and 102e110 min, G15 Dz K30, mean of 62e70 min), respectively. ns, not significant;
*P < 0.05; **P < 0.005.
3.4. Glucose decreases the efficacy of Ca2þ on exocytosis in a-
cells by mechanisms that are independent of SST
Several experiments above showed that G1 strongly stimulated
glucagon release while it mildly increased a-cell [Ca2þ]c. This sug-
gests that the control of glucagon secretion by LG could be partly
independent of [Ca2þ]c changes. To assess this hypothesis, we used
the experimental procedure that made possible to demonstrate the
amplifying pathway of glucose on insulin secretion [59,60]. We applied
a high concentration (250 mM) of the KATP channel opener, diazoxide,
to keep KATP channels open and, thereby, render them insensitive to a
MOLECULAR METABOLISM 61 (2022) 101495 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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change in glucose metabolism. Thereafter, we increased the Kþ

concentration of the medium to 30 mM Kþ (K30) to depolarize a-cells
and steadily raise [Ca2þ]c. To avoid that any change in [Ca2þ]c
involving the ER might affect secretion, islets were pretreated with
thapsigargin (2 mM), a specific blocker of SERCA. Increasing the
extracellular Kþ concentration (K30) strongly increased a-cell [Ca2þ]c,
but, for unknown reasons, to a larger extent in GluCreGCaMP6f/Sst�/�

than in GluCreGCaMP6f/Sstþ/þ islets. This [Ca2þ]c rise stimulated
glucagon secretion in both types of islets (Figure 6AeD). Switching
from G7 to G1 in the presence of K30 and diazoxide did not affect a-
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 11

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


Original Article
cell [Ca2þ]c except for a slight and transient decrease in Glu-
CreGCaMP6f/Sst�/� islets. However, it induced a stimulation of
glucagon secretion that was attested by a drop of glucagon release
upon G7 readmission (Figure 6C,D). A clear stimulatory effect of G1
was also observed in less stringent stimulatory conditions, i.e. in the
presence of K20 instead of K30 (Supplementary Figure S7A and B). As
expected, switching from G7 to G1 slightly inhibited insulin release
(Figure 6E,F).
We next wondered whether the inverse phenomenon could be
observed when increasing the glucose concentration from 1 to
15 mM (G15). Switching from G1 to G15 did not affect a-cell [Ca2þ]c
in both GluCreGCaMP6f/Sstþ/þ and GluCreGCaMP6f/Sst�/� islets
(Figure 7A,B), but it induced an inhibition of glucagon release that
was transient in GluCreGCaMP6f/Sstþ/þ islets and sustained in
GluCreGCaMP6f/Sst�/� islets (Figure 7C,D). As expected from the
amplifying pathway in b-cells, G15 strongly stimulated insulin
release (Figure 7E,F). Interestingly, K30 stimulated glucagon secre-
tion much more in SST-lacking islets than in SST-expressing islets
despite the similar a-cell [Ca2þ]c levels in both strains, whereas it
stimulated insulin secretion to a similar extent in both types of islets
(Figure 7). This again suggests that SST is more effective at inhibiting
glucagon than insulin secretion.
Since our previous data showed that increasing glucose concentration
from 7 to 20 mM stimulated glucagon secretion of Sst�/� islets in
conditions where the membrane potential was not clamped (see
Figure 4E,F), we wondered whether G20 could also stimulate glucagon
release under clamping conditions. We elected to perform these ex-
periments in mildly depolarizing conditions (K20) to avoid that a
massive depolarization by K30 masks a stimulatory effect. Switching
from G7 to G20 in the presence of diazoxide and K20 only slightly and
transiently decreased a-cell [Ca2þ]c, but it induced an unexplained
transient stimulation of glucagon release that was followed by a sus-
tained inhibition which was more evident in GluCreGCaMP6f/Sst�/�

than in GluCreGCaMP6f/Sstþ/þ islets (Supplementary Figure S8A-D).
These results suggest that G20 does not increase the efficacy of Ca2þ

on exocytosis.
Overall, these data suggest that an increase of glucose concentration
inhibits the efficacy of Ca2þ on exocytosis in a-cells in an opposite way
to the situation in b-cells and independently of SST.

4. DISCUSSION

Using the GluCreGCaMP6f mouse model, we evaluated the effect of
different glucose concentrations on a-cell [Ca2þ]c and glucagon
secretion. Changes in [Ca2þ]c were compared between a-cells within
whole islets by confocal microscopy and dispersed a-cells by epi-
fluorescence. Our data indicate that glucose (G7 versus G1, or G7
versus G20) does not affect [Ca2þ]c in dispersed a-cells. However, the
situation is different in a-cells within islets. Indeed, decreasing glucose
concentration from 7 to 1 mM increases [Ca2þ]c in some a-cells within
islets while it strongly stimulates glucagon secretion from islets. These
effects have SST-dependent and -independent components but are
independent of a-cell KATP channels. Interestingly, increasing the
glucose concentration from 7 to 20 mM has no effect on a-cell [Ca2þ]c
(except for a transient increase) and glucagon secretion in normal
islets while it strongly increases both parameters in the absence of
paracrine influence of SST. This suggests that, in normal islets, SST
released in response to G20 counteracts the stimulatory effect of high
glucose on both [Ca2þ]c and glucagon secretion. Our data also show
that an elevation of glucose concentration inhibits glucagon secretion
independently of a-cell [Ca2þ]c, by decreasing the efficacy of Ca2þ on
12 MOLECULAR METABOLISM 61 (2022) 101495 � 2022 The Author(s). Published by Elsevier GmbH. T
exocytosis. These observations highlight the multiple mechanisms of
control of glucagon secretion by glucose.

4.1. Glucose modulates [Ca2þ]c in a-cells within islets but not in
dispersed a-cells
We observed that decreasing glucose concentration from 7 to 1 mM
did not significantly affect [Ca2þ]c in dispersed a-cells, in accordance
with previous results, including ours, showing subtle to no effect of
glucose on [Ca2þ]c in dispersed mouse a-cells [14e16]. Very subtle
and variable effects were also observed with 1 mM glucose in a-cells
within islets. However, imaging several hundreds of a-cells made
possible to reveal that, despite the large intercellular variability,
decreasing the glucose concentration produced a statistically signifi-
cant increase in [Ca2þ]c. This is fully consistent with a recent study
also performed on a large number of cells [35]. Interestingly, we found
that dispersed a-cells were much less active than a-cells within islets,
in line with a previous report [9]. The stimulatory effect of sulfonylureas
on [Ca2þ]c in dispersed a-cells rules out the possibility of cell
dysfunction. Thus, it seems that dispersing a-cells induces a decrease
of their [Ca2þ]c oscillatory activity and a loss of responsiveness to G1.
The mechanisms responsible for the difference in activity could involve
the loss of physical intercellular interactions (including juxtacrine in-
fluence and electrical coupling), or paracrine/autocrine factors induced
by the dispersion [20]. Decreased [Ca2þ]c activity and responsiveness
to glucose also occur in b-cells when isolated [8,61e63].
Increasing glucose concentration from 7 to 20 mM was without effect
on [Ca2þ]c of dispersed a-cells of both Sstþ/þ and Sst�/� mice
whereas it strongly increased that of a-cells from Sst�/� islets.
Although the reduced activity of dispersed a-cells compared with a-
cells within islets might explain this loss of responsiveness, it more
likely results from a lack of an indirect signal produced by b-cells.
Indeed, we observed that activating b-cell metabolism with glucose or
the glucokinase activator RO280450 strongly stimulated insulin
secretion. Moreover, while RO280450 increased [Ca2þ]c in a-cells
within whole Sst�/� islets, it failed to increase [Ca2þ]c in dispersed a-
cells.

4.2. Glucose-induced changes in a-cell [Ca2þ]c and glucagon
secretion are independent of a-cell KATP channels
The role of KATP channels in the control of a-cell [Ca

2þ]c by glucose is
highly debated [7,17,20]. One hypothesis suggests that the drop in a-
cell [Ca2þ]c induced by glucose results from a closure of KATP channels
leading to an inactivation of low-threshold voltage-gated channels and
a reduction in action potential amplitude and Ca2þ influx through VGCC
[21e24]. The present study and others do not support this model and
showed that closure of KATP channels by tolbutamide or gliclazide
increased, but did not decrease, [Ca2þ]c in a-cells whether they were
dispersed or within islets [11,14,25e27,29]. By contrast, we observed
that HG (G20, in this study) did not increase [Ca2þ]c of dispersed a-
cells, in agreement with the lack of effect of HG on IKATP [14]. Thus,
sulfonylureas exert the same effect in a- and b-cells, as outlined in our
previous study [29], but glucose exerts a different effect. Our experi-
ments testing the effect of glucose in the presence of KATP channel
inhibitors even support the existence of a KATP channel-independent
control of a-cells by glucose. Indeed, switching from NG (G7) to LG
(G1) slightly elevated [Ca2þ]c in the presence of tolbutamide or gli-
clazide in a-cells within Sst�/� and Sstþ/þ islets. This was associated
with a stimulation of glucagon release. This is in agreement with
previous results showing an inhibition of glucagon release by
increasing the glucose concentration in the presence of tolbutamide
[11,25] or in the absence of functional KATP channels in Sst�/� and
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Sstþ/þ islets [28,43]. However, in the absence of sulfonylureas, we do
not exclude that KATP channels of non a-cells indirectly influence
glucose-induced changes in a-cell [Ca2þ]c and glucagon secretion. It
is important to keep in mind that the lack of effect of glucose on
a-cell KATP channels does not mean that these channels are
unnecessary to see the effect of glucose. Indeed, a full opening of
these channels by diazoxide decreased a-cell [Ca2þ]c and glucagon
release at very low levels and therefore prevented a modulation of
glucagon secretion by glucose which requires higher [Ca2þ]c levels
[10,14,21,24,26,28,64,65e67].

4.3. Glucose-induced changes in a-cell [Ca2þ]c and glucagon
secretion involve both SST-dependent and -independent
mechanisms
The present study reveals that SST is partly involved in the control of a-
cell [Ca2þ]c and that this involvement depends on the glucose con-
centration, being modest in the LG to NG range and important in the NG
to HG range. Indeed, switching from NG (G7) to LG (G1) increased a-
cell [Ca2þ]c in both Sst�/� and Sstþ/þ islets, and in Sstþ/þ islets
perifused with or without SSTR2/3 antagonists, demonstrating that this
[Ca2þ]c rise is independent of SST. However, SST probably also
contributes to the control of [Ca2þ]c in this range of glucose concen-
trations because the amplitude of the average increase was lower in a-
cells of Sst�/� islets than in those of Sstþ/þ islets (see Figure 1E).
Moreover, application of SSTR2/3 antagonists in G7 increased [Ca2þ]c
much more in a-cells of Sstþ/þ islets than in a-cells of Sst�/� islets
(Figure 2D,E). This effect likely reflects an alleviation of an inhibition by
endogenous SST, the secretion of which is known to be stimulated by
G7 [11,17,20,28,44]. We have no explanation for the small increase in
[Ca2þ]c in a-cells of Sst�/� islets in response to SSTR antagonists. It
might reflect a non-specific effect which was however too small to
affect glucagon release (Figure 2D,G). The amplitude of the increase in
[Ca2þ]c in response to SSTR antagonists was however higher in Sstþ/þ

islets than in Sst�/� islets (Figure 2F), suggesting that the strong
[Ca2þ]c increase in Sstþ/þ islets was not attributed to a non-specific
effect of the antagonists. The contribution of SST to the control of
a-cell [Ca2þ]c in the NG range is also supported by the observation that
exogenous SST induced a larger drop in a-cell [Ca2þ]c when applied at
G1 than at G7 (Figure 2AeC), probably because endogenous SST
released in response to G7 already decreased [Ca2þ]c and masked
most of the effect of exogenously applied SST.
The involvement of SST in the control of a-cell [Ca2þ]c is more
important in the higher range of glucose concentration. Thus,
switching from NG (G7) to HG (G20) induced a transient [Ca2þ]c in-
crease in a-cells of Sstþ/þ islets, but a pronounced and sustained
increase in a-cells of Sst�/� islets that is recapitulated by the
glucokinase activator RO280450 demonstrating that it involves glucose
metabolism. Since glucokinase is highly expressed in mouse a-, b-
and d-cells [68,69], this effect of HG might in theory result from a
direct effect of HG on a-cells or an indirect effect mediated by
neighbouring cells. Experiments with dispersed cells show that it likely
results from an indirect effect because both G20 and RO280450 failed
to increase [Ca2þ]c in isolated a-cells. The observations that G20 and
RO280450 strongly stimulated insulin release suggests that b-cells
might be responsible for this indirect effect. b-cells might indirectly
control a-cells via gap junctions [47,56,57] or pannexin 1 channels
(Panx1) [58] since the G20-induced [Ca2þ]c in a-cells of Sst�/� islets
was fully prevented by CBX. Connexins are responsible for electrical
coupling between adjacent cells. Connexin 36 (Gjd2) is the main iso-
form expressed by islet cells, particularly by b-cells [70]. Pannexin
channels are generally thought to not form gap junctions as a result of
MOLECULAR METABOLISM 61 (2022) 101495 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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N-glycosylation [71e73]. However, since they allow the leakage of
cytosolic molecules, such as ATP and glutamate [70], they could
theoretically allow the release of a paracrine factor from b-cells that
entrain a-cells. However, several arguments challenge the possibility
that the CBX effect we observed is attributed to inhibition of pannexin
1. The mRNA expression of Panx1 is far lower than that of Gjd2 in b-
cells [68,69]. Moreover, it was shown that b-cells do not express
active pannexin 1 channels [74]. These arguments suggest that the
inhibitory effect of CBX on [Ca2þ]c that we observed is instead
attributed to an inhibition of gap junctions. Overall, this suggests that
HG-induced depolarization of b-cells entrains a-cells by electrical
coupling, which increases [Ca2þ]c in a-cells of Sst�/� islets. Previous
experiments monitoring the transfer of a low molecular fluorescent dye
injected in one cell to neighboring islet cells support the existence of a
coupling between a- and b-cells [75,76]. In Sstþ/þ islets, HG would
also stimulate the release of SST by a direct action on d-cells or
indirectly by electrical entrainment of d-cells by b-cells [47,56]. SST
released in response to HG would counteract the indirect stimulation of
a-cells by b-cells and keep a-cell [Ca2þ]c at low level. This is sup-
ported by the observation that exogenous SST-14 prevented the rise in
[Ca2þ]c induced by G20 in a-cells of Sst�/� islets. SST might maintain
a-cell [Ca2þ]c at low levels by activating hyperpolarizing G protein-
gated inwardly rectifying Kþ channels (GIRK) [19,77,78] or other
channels [29]. Interestingly, switching from NG (G7) to HG (G20)
stimulated glucagon secretion in Sst�/� islets, whereas it had no effect
in Sstþ/þ islets, suggesting that glucagon release follows [Ca2þ]c
changes. However, it is very likely that SST, released in response to
HG, not only decreases a-cell [Ca2þ]c but also decreases the efficacy
of Ca2þ on exocytosis. The existence of such a mechanism is revealed
by the much larger secretion induced by K30 (in the presence of
diazoxide) in Sst�/� than in Sstþ/þ islets, despite a similar change in
a-cell [Ca2þ]c (Figure 7AeD). It is fully in agreement with our previous
observation that both endogenous and exogenous SST inhibited
glucagon secretion without affecting a-cell [Ca2þ]c in the presence of
high Kþ and diazoxide [29]. This mechanism might involve a
calcineurin-dependent depriming of secretory granules [79] or a
reduction in levels of cAMP which amplifies Ca2þ-dependent exocy-
tosis in a-cells [37,42,80e83]. It also likely contributes to the tonic
inhibition of glucagon release exerted by endogenous SST.
The mechanisms by which glucose controls a-cell [Ca2þ]c indepen-
dently of SST and their KATP channels are unknown and likely involve
mechanisms affecting the membrane potential, such as the Naþ/Kþ

pump, TASK1 or Ca2þ-activated Kþ channels (see introduction).

4.4. Glucose controls glucagon secretion by changing [Ca2þ]c and
by modulating the efficacy of Ca2þ on exocytosis
The experiments performed in conditions where the membrane po-
tential was not clamped show that all [Ca2þ]c changes elicited by
glucose in a-cells induce parallel changes in glucagon secretion. Thus,
the stimulation of glucagon release from Sstþ/þ or Sst�/� islets pro-
duced by a drop of glucose concentration from NG to LG, in the pres-
ence or absence of KATP channel blockers or SSTR antagonists, was
always accompanied by an increase in [Ca2þ]c. Likewise, the stimu-
lation of glucagon release from Sst�/� islets produced by an elevation
of glucose concentration from NG to HG or by the stimulation of
glucokinase by RO280450 was also accompanied by a [Ca2þ]c rise,
whereas the failure of HG to stimulate glucagon secretion in Sstþ/þ

islets was associated with a low [Ca2þ]c.
Several arguments suggest that glucose-induced changes in
glucagon secretion are not solely driven by changes in [Ca2þ]c but
also by a modulation of the efficacy of Ca2þ on exocytosis that is
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Figure 8: Model depicting the mechanisms by which glucose controls glucagon release. Glucose controls glucagon release by multiple mechanisms (inhibitory: red bars;
stimulatory: green arrows). Increasing the glucose concentration exerts two opposite effects on a-cell [Ca2þ]c. It decreases [Ca

2þ]c independently of a-cell KATP channels (1) and
partly via SST (2). It also increases [Ca2þ]c at glucose concentrations that stimulate insulin secretion. This latter effect likely results from electrical coupling which could be direct
between b- and a-cells (3), or indirect and involve d-cells (4). This stimulatory effect on a-cells is counteracted by SST which hyperpolarizes a-cells and keeps a-cell at low levels
(2). Hence, it can only be observed in the absence of paracrine influence of SST. All glucose-induced changes in a-cell [Ca2þ]c induce parallel changes in glucagon release. In
addition, glucose decreases the efficacy of a-cell Ca2þ on exocytosis by an attenuating pathway that is opposite to the amplifying pathway of glucose in b-cells. As previously
shown [29], SST released from d-cells in response to glucose also contributes to the inhibitory effect of glucose by inhibiting the efficacy of Ca2þ on exocytosis (6). KATP, ATP-
sensitive Kþ; VGCC, voltage-gated Ca2þ channels; SST, somatostatin; SSTR: somatostatin receptor; KSST, Hyperpolarizing Kþ channel activated by SST (GIRK or another type).

Original Article
independent of SST. (a) The temporal relationship between changes in
[Ca2þ]c and secretion was often poor. Thus, upon switching from NG
to LG, [Ca2þ]c quickly reached a plateau whereas glucagon secretion
from both Sstþ/þ and Sst�/� islets slowly increased. These differ-
ences cannot be attributed to differences in the perifusion systems
since solution exchange was more rapid for secretion experiments
than for [Ca2þ]c imaging. (b) Switching from NG to LG increased
[Ca2þ]c in less than half of a-cells within Sstþ/þ islets, and only 1/3 of
a-cells within Sst�/� islets whereas it strongly stimulated glucagon
secretion from both types of islets. (c) Most importantly, experiments
performed in conditions where [Ca2þ]c was elevated and the mem-
brane potential was clamped with high Kþ and diazoxide showed that
LG increased the efficacy of Ca2þ on exocytosis, whereas HG exerted
the opposite effect. This is opposite to the situation found in b-cells in
which the amplifying pathway is activated by an increase in the
glucose concentration. The lack of effect of glucose on [Ca2þ]c during
prolonged exposure to K30 contrasts with the recently reported
glucose inhibition of VGCC in isolated human and mouse a-cells [84].
It is unclear whether these apparently divergent observations are due
to the different experimental procedures used and to which extent
they reflect similar or distinct phenomena. The glucose-induced
decreased efficacy of Ca2þ on exocytosis in a-cells was not due to
SST since it was also observed and even more pronounced in Sst�/�

islets. The underlying mechanisms are unknown but cAMP is a good
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candidate since an increase in glucose concentration induces a Ca2þ-
and SST-independent drop in the cAMP concentration in a-cells that
correlates with an inhibition of glucagon release [37,81]. Since insulin
can also decrease cAMP in a-cells independently of a change in
[Ca2þ]c [42] and since its secretion is stimulated by the amplifying
pathway of glucose, it might contribute to the inhibition of glucagon
release at HG. However, this is speculative because insulin release
was already strongly stimulated by high Kþ even at G1, and the HG-
induced inhibition of glucagon secretion preceded the stimulation of
insulin secretion (Figure 7C,E).

5. CONCLUSIONS

Based on our results obtained at different ranges of glucose concen-
trations, we propose a global model according to which glucose controls
a-cell [Ca2þ]c and glucagon secretion through multiple mechanisms
that are differentially activated depending on the glucose concentration
(Figure 8). At low glucose concentration, small amounts of SST are
probably already released and exert a tonic inhibition on glucagon
secretion. Increasing glucose concentration above 1 mM slightly de-
creases [Ca2þ]c in a-cells independently of their KATP channels and
partly via SST. At concentrations that stimulate insulin release (>7 mM)
and only in the absence of paracrine influence of SST, glucose increases
a-cell [Ca2þ]c probably as a result of their entrainment by electrical
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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coupling via b/a-cells and, possibly also, via b/d/a-cells. We do not
exclude the possibility that this entrainment involves other contact-
dependent signaling or stimulatory paracrine factors. However, in
normal conditions in which there is a paracrine influence of SST, such
increase in a-cell [Ca2þ]c induced by glucose is not seen because SST
secreted in response to glucose keeps [Ca2þ]c at low levels (by
hyperpolarizing a-cells). Hence, the global effect of an increase of the
glucose concentration on a-cell [Ca2þ]c in control conditions is a modest
decrease in [Ca2þ]c. All a-cell [Ca2þ]c changes induce parallel changes
in glucagon secretion, which are however of larger amplitude than those
expected from the small [Ca2þ]c fluctuations. The reason is that glucose
controls glucagon release by additional mechanisms that are indepen-
dent of [Ca2þ]c changes. It decreases the efficacy of Ca2þ on exocytosis
independently of SST (named attenuating pathway in opposition to the
amplifying pathway of glucose in b-cells) and also via SST (because
glucose stimulates the release of SST which decreases the efficacy of
Ca2þ on exocytosis [29]). Since Ca2þ is required for exocytosis and
exerts a permissive role, this inhibitory effect of glucose can only be
detected at artificially high [Ca2þ]c (as in the presence of high Kþ), but it
is probably operative already at low [Ca2þ]c. Our data suggest that
blocking SST paracrine influence would induce hypersecretion of
glucagon at high glucose, which is what occurs in diabetes which is
characterized by impaired glucagon response to hyperglycemia due to
impaired SST secretion [6].
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