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KATP channel blockers control glucagon
secretion by distinct mechanisms: A direct
stimulation of a-cells involving a [Ca2þ]c rise
and an indirect inhibition mediated by
somatostatin
Bilal Singh 1, Firas Khattab 1, Heeyoung Chae 1, Lieven Desmet 2, Pedro L. Herrera 3, Patrick Gilon 1,*
ABSTRACT

Objective: Glucagon is secreted by pancreatic a-cells in response to hypoglycemia and its hyperglycemic effect helps to restore normal blood
glucose. Insulin and somatostatin (SST) secretions from b- and d-cells, respectively, are stimulated by glucose by mechanisms involving an
inhibition of their ATP-sensitive Kþ (KATP) channels, leading to an increase in [Ca2þ]c that triggers exocytosis. Drugs that close KATP channels,
such as sulfonylureas, are used to stimulate insulin release in type 2 diabetic patients. a-cells also express KATP channels. However, the
mechanisms by which sulfonylureas control glucagon secretion are still largely debated and were addressed in the present study. In particular, we
studied the effects of KATP channel blockers on a-cell [Ca

2þ]c and glucagon secretion in the presence of a low (1 mM) or a high (15 mM) glucose
concentration and evaluated the role of SST in these effects.
Methods: Using a transgenic mouse model expressing the Ca2þ-sensitive fluorescent protein, GCaMP6f, specifically in a-cells, we measured
[Ca2þ]c in a-cells either dispersed or within whole islets (by confocal microscopy). By measuring [Ca2þ]c in a-cells within islets and glucagon
secretion using the same perifusion protocols, we tested whether glucagon secretion correlated with changes in [Ca2þ]c in response to sul-
fonylureas. We studied the role of SST in the effects of sulfonylureas using multiple approaches including genetic ablation of SST, or application of
SST-14 and SST receptor antagonists.
Results: Application of the sulfonylureas, tolbutamide, or gliclazide, to a medium containing 1 mM or 15 mM glucose increased [Ca2þ]c in a-
cells by a direct effect as in b-cells. At low glucose, sulfonylureas inhibited glucagon secretion of islets despite the rise in a-cell [Ca2þ]c that they
triggered. This glucagonostatic effect was indirect and attributed to SST because, in the islets of SST-knockout mice, sulfonylureas induced a
stimulation of glucagon secretion which correlated with an increase in a-cell [Ca2þ]c. Experiments with exogenous SST-14 and SST receptor
antagonists indicated that the glucagonostatic effect of sulfonylureas mainly resulted from an inhibition of the efficacy of cytosolic Ca2þ on
exocytosis. Although SST-14 was also able to inhibit glucagon secretion by decreasing a-cell [Ca2þ]c, no decrease in [Ca2þ]c occurred during
sulfonylurea application because it was largely counterbalanced by the direct stimulatory effect of these drugs on a-cell [Ca2þ]c. At high glucose,
i.e., in conditions where glucagon release was already low, sulfonylureas stimulated glucagon secretion because their direct stimulatory effect on
a-cells exceeded the indirect effect by SST. Our results also indicated that, unexpectedly, SST-14 poorly decreased the efficacy of Ca2þ on
exocytosis in b-cells.
Conclusions: Sulfonylureas exert two opposite actions on a-cells: a direct stimulation as in b-cells and an indirect inhibition by SST. This
suggests that any alteration of SST paracrine influence, as described in diabetes, will modify the effect of sulfonylureas on glucagon release. In
addition, we suggest that d-cells inhibit a-cells more efficiently than b-cells.
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1. INTRODUCTION

The endocrine pancreas, composed of the islets of Langerhans, plays a
major role in glucose homeostasis [1]. Glucagon and insulin secreted
by islet a- and b-cells, respectively, are two key hormones assuming
this role. When glycemia is high, insulin lowers blood glucose levels by
stimulating glucose storage in the tissues. However, when glycemia is
reduced, glucagon increases blood glucose levels by promoting he-
patic glycogenolysis and gluconeogenesis, thus stimulating glucose
release from the liver [2]. In diabetes, this balance is dysregulated
towards an impaired insulin secretion/action associated with an
excessive glucagon secretion which lead to hyperglycemia. Further-
more, diabetic patients show an impaired glucagon response to hy-
poglycemia, leading to life-threatening episodes [3e7]. Increased
blood glucose also stimulates d-cells, a third cell type of the islets,
which secrete somatostatin (SST) that inhibits both insulin and
glucagon secretions [8].
Glucose stimulates insulin secretion from b-cells by increasing the
ATP/ADP ratio which closes ATP-sensitive Kþ (KATP) channels in the
plasma membrane. The closure of these channels induces a mem-
brane depolarization that opens voltage-gated Ca2þ channels (VGCC),
leading to a subsequent rise in the free cytosolic Ca2þ concentration
([Ca2þ]c) and the triggering of exocytosis [9,10]. The same mechanism
has been demonstrated in SST-secreting d-cells [11e15].
For decades, sulfonylureas have been used as antihyperglycemic
agents to treat type 2 diabetic patients because they mimic the effect
of glucose on KATP channels. They bind to the SUR1 subunit of KATP
channels, thereby closing them and stimulating insulin secretion from
b-cells [16,17]. Sulfonylureas also bind to the same KATP channel
subunit in a- and d-cells, and as in b-cells, they also stimulate SST
secretion [15,18e20]. However, the effects of sulfonylureas on a-cells
are still debated. Some studies report that closing KATP channels de-
creases [Ca2þ]c and glucagon secretion [21e26], while others report
an increase [26e36] or even no effect [13]. Furthermore, it is unclear
whether sulfonylureas control glucagon secretion by a direct effect on
a-cells or an indirect effect by stimulating b- or d-cells [4].
In the present study, we used multiple approaches to decipher the
mechanisms by which sulfonylureas control glucagon secretion in
conditions where a-cells are stimulated by low glucose or inhibited by
high glucose. 1) Using a transgenic mouse model expressing
GCaMP6f, a recently developed fluorescent Ca2þ probe, specifically in
a-cells, we measured [Ca2þ]c in dispersed a-cells and in a-cells
within whole islets (by confocal microscopy). We tested whether the
[Ca2þ]c responses to KATP channel blockers (tolbutamide and glicla-
zide) were similar between both types of preparations, which is
indicative of a direct effect of the drugs on a-cells. 2) By measuring
[Ca2þ]c changes in a-cells within islets and glucagon secretion using
the same perifusion protocols, we tested whether glucagon secretion
correlated with changes in [Ca2þ]c in response to sulfonylureas. 3) We
evaluated the implication of SST in the control of glucagon secretion by
sulfonylureas using a novel transgenic mouse model expressing
GCaMP6f specifically in a-cells but lacking SST. 4) To decipher the
mechanisms activated by SST during sulfonylurea application, we
tested the effect of exogenous SST and antagonists of SST receptors
(SSTR) in various experimental protocols.

2. MATERIALS AND METHODS

2.1. Animals
Several mouse models were used including Lox-STOP-Lox-
GCaMP6f/Sstþ/þ, GluCreGCaMP6f/Sstþ/þ, and GluCreGCaMP6f/
2 MOLECULAR METABOLISM 53 (2021) 101268 � 2021 The Authors. Published by Elsevier GmbH. T
Sst�/� mice. Lox-STOP-Lox-GCaMP6f/Sstþ/þ mice were obtained
from Jackson Laboratory (stock No: 024105). They exhibit a floxed-
STOP cassette upstream of the sequence of the GCaMP6f Ca2þ

probe in the ROSA26 allele. GluCreGCaMP6f/Sstþ/þ mice were
generated by crossing homozygous Lox-STOP-Lox-GCaMP6f/Sstþ/þ

mice with GluCre/Sstþ/þ mice, as previously described [37], to
allow the excision of the STOP cassette and the expression of
GCaMP6f, specifically in a-cells. In this model, GCaMP6f was
expressed in a single allele. GluCreGCaMP6f/Sst�/� mice were
generated by first crossing GluCreGCaMP6f/Sstþ/þ mice heterozy-
gous for GluCreGCaMP6f together to obtain homozygous Glu-
CreGCaMP6f/Sstþ/þ mice. They were then crossed with Sst�/�

mice, as previously described [38], to obtain GluCreGCaMP6f/Sstþ/-

mice. These mice were finally crossed together to obtain the Glu-
CreGCaMP6f/Sst�/� mouse model. These mice are homozygous for
GCaMP6f and do not express SST. Because we did not observe any
differences between sexes and ages in our experiments, we used
both males and females aged from four months to one year. The
study was approved by our ethics committee for animal experi-
mentation (2014/UCL/MD/016 and 2018/UCL/MD/18 projects).

2.2. Solutions and drugs
All perifusion and [Ca2þ]c experiments were performed in a medium
containing (in mM) 124 NaCl, 4.8 KCl, 2.5 CaCl2, 1.2 MgCl2, 20
NaHCO3, and 1 mg/ml BSA except for experiments with K30 where
NaCl and KCl concentrations were 98.8 mM and 30 mM, respectively,
to maintain the osmolarity of the medium. Media were supplemented
with a 6 mM mixture of amino acids (2 mM alanine, 2 mM arginine,
and 2 mM glutamine) to have a rate of glucagon secretion that is high
enough to allow detection of the secreted hormone in perifusion
experiments with a reasonable number of islets (150e250 islets) and
to reliably detect stimulatory or inhibitory responses. A mixture of
amino acids is routinely used by others [39,40]. Test agents were
added as indicated in the figures. The medium was gassed O2:CO2
(95:5%), which maintained a pH of 7.4. Adrenaline was obtained from
Sterop, CYN154806 from Tocris, tertiapin-Q from Tocris and Alo-
mone, collagenase P from Roche, SST-14 and H6056 from Bachem.
Unless otherwise indicated, all other compounds were obtained from
Merck.

2.3. Preparation of isolated islets and dispersed cells
Islets were isolated with collagenase P (0.65 mg/ml). For some [Ca2þ]c
experiments, isolated islets were further dissociated with trypsine
EDTA (0.25%) to obtain dispersed cells, which were then plated on
coverslips. Islets and isolated cells were cultured for up to three days
(one day for perifusion experiments and one to three days for [Ca2þ]c
measurements) in RPMI 1640 medium containing 7 mM glucose and
10% heat-inactivated FBS.

2.4. Dynamic secretion experiments with isolated islets
Batches of 150e250 islets were perifused at 37 �C at the flow rate of
0.5 ml/min. They were first perifused for 20 min with the first test
solution for equilibration before starting effluent collection every
2.5 min. They were then challenged with various test solutions as
indicated in the figures. For experiments of Figure 1G aiming at testing
the effect of tolbutamide on glucagon secretion with a better time
resolution, the flow rate was set at 0.7 ml/min and the effluent was
collected every 30 s between 43 and 50 min (instead of every 2.5 min).
Glucagon (Merck Millipore GL-32K) and insulin (home-made assay)
were measured by radioimmunoassay. We checked that none of the
drugs interfered with the assays.
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Figure 1: Tolbutamide increases a-cell [Ca2D]c but inhibits glucagon secretion in G1. a-cell [Ca2þ]c was measured in dispersed islet cells (A and B) and isolated islets (C
and D) whereas glucagon secretion was only measured in isolated islets (EeG). Dispersed islet cells and isolated islets from GluCreGCaMP6f/Sstþ/þ mice were both perifused
sequentially with 7 mM (G7) and 1 mM glucose (G1). Tolbutamide (Tolb 100 mM), a KATP channel blocker, was added in G1 as indicated. Panels A, C, E, and G represent the mean
traces � SEM of 3e4 experiments. Panels B and D represent the scatter plots of individual cells (B, n ¼ 17 cells/3 mice; D, n ¼ 50 cells/5 islets/4 mice; two-tailed paired t-test)
with the means � SEM of the average [Ca2þ]c calculated from panel A (G1, mean of 17e25 min and 47e55 min; G1 Tolb, mean of 32e40 min) and C (G1, mean of 15e23 min
and 45e53 min; G1 Tolb, mean of 27e35 min), respectively. Panel F represents the scatter plot of individual experiments with the means � SEM (two-tailed paired t-test) of the
average glucagon secretion calculated from panel E (G1, mean of 37e45 min and 67e75 min; G1 Tolb, mean of 55e60 min). Secretion from panel G was collected every 30 s
(instead of 2.5 min) with a flow rate set at 0.7 ml/min (instead of 0.5 ml/min) to have a better temporal resolution. **P < 0.005; ****P < 0.0001.
2.5. [Ca2þ]c measurements
Both isolated islets and dispersed islet cells were perifused at 37 �C
at the flow rate of 0.5 ml/min. A Nikon Eclipse TE2000-E inverted
microscope equipped with a confocal QLC100 spinning disk (Yoko-
gawa) was used to measure changes in GCaMP6f fluorescence in a-
cells within whole isolated islets. This system allows [Ca2þ]c mea-
surements in each a-cell of the islet instead of a global fluorescence
MOLECULAR METABOLISM 53 (2021) 101268 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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of the whole islet. For dispersed cells, a confocal system was not
needed, and a Zeiss Axiovert 100 inverted microscope was used
instead. For confocal imaging, the GCaMP6f probe was excited at
491 nm and emission fluorescence was recorded at 503e552 nm.
For epifluorescence imaging, the GCaMP6f probe was excited at
485 nm and the emitted fluorescence was recorded at 510e560 nm.
Images were acquired every 1e3 s with an EMCCD QuantEM 512SC
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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or a sCMOS Prime 95B camera (Photometrics) using Metafluor
software (Molecular Devices).

2.6. Immunofluorescence
Dispersed cells were fixed for 1 h at room temperature with 4%
paraformaldehyde and then permeabilized for 45 min with Triton X-
100 (0.025%). Nonspecific binding was blocked with normal goat
serum (NGS 10%) before immunostaining. Dispersed cells were
immunolabeled overnight at 4 �C for glucagon, GCaMP6f, and SST with
a mouse monoclonal anti-glucagon antibody (1:2500, Merck G2654), a
rabbit polyclonal anti-GFP antibody (1:2000, Novus Biologicals NB600-
308) and a rabbit polyclonal anti-SST antibody (1:400, Abcam
ab108456), respectively. After washing the primary antibodies, the
cells were treated for 2 h at room temperature with secondary anti-
bodies. Glucagon was revealed in red using Alexa Red 594-conjugated
goat anti-mouse IgG (1:500, Thermo Fisher A11020), whereas
GCaMP6f and SST were revealed in green using Alexa Green 488-
conjugated goat anti-rabbit IgG (1:100, Thermo Fisher A11070).

2.7. Fluorescence-activated cell sorting
Islet cells from GluCreGCaMP6f/Sstþ/þ and GluCreGCaMP6f/Sst�/�

mice were dispersed into single cells by trypsin. After dissociation,
cells were resuspended in the medium used for the perifusion sup-
plemented with the viability dye eFluor 780 (1/1000, Thermo Fisher
65086514) and with 5 mM glucose and 5 mM arginine, to increase the
Ca2þ-dependent fluorescence of GCaMP6f. Samples were washed,
analyzed, and sorted with FACSAriaIII (BD Biosciences) according to
the following gating strategy; FSC-A/W and SSC-A/W were used to
identify cells and discriminate debris and doublets. Dead cells were
excluded using eFluor 780. a-cells were separated from non a-cells
by their GCaMP6f fluorescence.

2.8. Quantification of gene expression
Total RNA from minimum 60 000 FACS-sorted cells (50e150 ng)
was extracted by Absolutely RNA Nanoprep Kit (Agilent Technol-
ogies) and reverse transcribed into cDNA using RevertAid H Minus
First Strand cDNA synthesis kit (Thermo Fisher). RNases were
inhibited by Ribolock RNase inhibitor (Thermo Fisher). Mouse in-
sulin (Ins), glucagon (Gcg), somatostatin (Sst), somatostatin
receptors 1e5 (Sstr1-5), and Gapdh expression were quantified
using iQ SYBR Green Supermix (Bio-Rad). The primers used were
as follows (50/30 forward and reverse sequences): insulin,
50-TCTTCTACACACCCATGCCC-30 and 50-GGTGCAGCACTGATCCAC-
30; glucagon, 50-ATGAACACCAAGAGGAACCGG-30 and 50-CTTCTG-
GGAAGTCTCGCCTT-30; somatostatin, 50-ATGCTGTCCTGCCGTCTC-
30 and 50-TTCTCTGTCTGGTTGGGCTC-30; Sstr1, 50-CTACTGT-
CTGACTGTGCT-30 and 50-ATGGGCAAGATAACCAGTAAT-30; Sstr2,
50-TCTTCCGTGTCTGTGGC-30 and 50-GGGATTTGTCCTGCTTACT-30;
Sstr3, 50-CTGGCGAACAGCCTTTAT-30 and 50-GGTGCCTGTACCCA-
CTGA-30; Sstr4, 50-TGTGCTATTATTCAAACTGGCT-30 and 50-GGTG-
TCAACTTCAGGATTGT-30; Sstr5, 50-CTATGTGGTGTTGCGGT-30 and
50-GGCACAAGAAGGAGCCAAA-30; and Gapdh, 50-ACCCAGAAGACT-
GTGGATGG-30 and 50-ACACATTGGGGGTAGGAACA-30. The anneal-
ing temperature was set to 60 �C for all primers. Gapdh was used
as an internal control for qPCR normalization. It was an excellent
housekeeping gene because its cycle threshold (Ct), using the
same amount of total cDNA, was similar between a-cells (24.6)
and non a-cells (23.5), and between GluCreGCaMP6f/Sstþ/þ

(24.3) and GluCreGCaMP6f/Sst�/� islet cells (23.8). Expression
of all genes was normalized to that of Gapdh and calculated using
the 2-DCt method.
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2.9. 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, where n is
the number of cells for [Ca2þ]c experiments and the number of mice
for secretion experiments. Secretion experiments are presented as
pg/islet/min. [Ca2þ]c measurements are presented as F/F0 where F
is the fluorescence intensity at a given time point and F0 the lowest
fluorescence intensity. Continuous perifusion with diazoxide þ K30
yielded an initial peak of [Ca2þ]c followed by a plateau. However,
because the signal from the plateau decreased during time, sta-
tistics comparing the conditions with and without SST or SSTR
antagonists were biased by this spontaneous trend and denoted
significance although no effect was observed (Figures 6, 7, and
Supplementary Figure S10). A spontaneous decrease in [Ca2þ]c also
occurred when analyzing the experiments performed in the contin-
uous presence of arginine (Figure 5). Therefore, for those experi-
ments, we corrected the signal using a local linear regression (for
smoothing) [41] followed by a cubic spline (for extrapolation) [42]. In
a first step, we fitted a linear regression to the mean data in each of
the two intervals, before and after the addition of SST or SSTR
antagonists. In a second step, a cubic spline was fitted using the
two intervals as references to extrapolate an estimated curve that
best matches the signal. Finally, we calculated the difference be-
tween the actual signal and the estimated curve for each cell at
each time point, and we compared, for each cell, the mean of the
differences in the condition where SST or SSTR antagonists are
present with the mean of the differences in the conditions in their
absence. The same strategy was adopted for glucagon/insulin
secretion experiments performed under the same conditions
because secretion continuously increased and biased the statistical
tests without correction for spontaneous trend (refer Supplementary
Figure S1 for representative examples). However, the difference was
instead calculated between the actual secretion and the estimated
curve for each experiment at each time point. A two-tailed paired
Student’s t-test was used to compare two different conditions from
the same cells or islets, whereas two-tailed unpaired Student’s t-
test was used to compare two conditions from different cells or
islets. One-way RM ANOVA or ordinary two-way ANOVA with post
hoc Sidak correction was used for multiple comparisons. For qPCR
data, a ManneWhitney test was used instead, because of the
logarithmic nature of the results. All statistical tests were calculated
using GraphPad Prism 8 (GraphPad Software).

3. RESULTS

3.1. Validation of the GluCreGCaMP6f/Sstþ/þ mouse as a model to
study the correlation between a-cell [Ca2þ]c and glucagon secretion
To evaluate the effects of sulfonylureas on a-cell [Ca2þ]c, we gener-
ated a transgenic mouse model expressing the green fluorescent Ca2þ

probe, GCaMP6f, specifically in a-cells by crossing GluCre/Sstþ/þ

mice with Lox-STOP-Lox-GCaMP6f/Sstþ/þ mice. For the sake of
brevity, we refer to these mice as GluCreGCaMP6f/Sstþ/þ

mice throughout the manuscript. To evaluate the validity of this new
model, we performed three series of experiments. We first tested the
effects of arginine and adrenaline which are known to increase a-cell
[Ca2þ]c even in a medium that contains low glucose concentration
[4,26,27,29,43,44]. As expected, both agents elevated [Ca2þ]c in a-
cells of GluCreGCaMP6f/Sstþ/þ islets in the presence of 3 mM glucose
(G3). Moreover, the addition of the KATP channel opener diazoxide to
hyperpolarize a-cells completely inhibited the rise in [Ca2þ]c elicited by
arginine (Supplementary Figure S2A and B). We next tested whether
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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Figure 2: The glucagonotropic effect of tolbutamide is counteracted by SST. a-cell [Ca2þ]c (A and B) and glucagon secretion (C and D) were measured in isolated islets from
GluCreGCaMP6f/Sst�/� mice perifused sequentially with 7 mM (G7) and 1 mM glucose (G1). Tolbutamide (Tolb 100 mM), a KATP channel closer, was added in G1 as indicated.
Panels A and C represent the mean traces � SEM of 4 and 3 experiments, respectively. Panel B represents the scatter plots of individual cells (n ¼ 34 cells/5 islets/3 mice; two-
tailed paired t-test) with the means � SEM of the average [Ca2þ]c calculated from panel A (G1, mean of 15e23 min and 45e53 min; G1 Tolb, mean of 27e35 min). Panel D
represents the scatter plots of individual experiments with the means � SEM (two-tailed paired t-test) of the average glucagon secretion calculated from panel C (G1, mean of 37e
45 min and 67e75 min; G1 Tolb, mean of 55e60 min). *P < 0.05; ****P < 0.0001.
the expression of GCaMP6f interferes with glucagon secretion by
comparing the glucagon responses to various agents in islets from
mice expressing (GluCreGCaMP6f/Sstþ/þ mice) or not expressing
(Lox-STOP-Lox-GCaMP6f/Sstþ/þ mice) GCaMP6f. Changing the
glucose concentration from 7 mM (G7) to 1 mM (G1) stimulated
glucagon secretion to a similar extent in both types of islets. Subse-
quent addition of the KATP channel blocker gliclazide induced a similar
inhibition of glucagon release in both preparations (Supplementary
Figure S2C and D). Finally, we evaluated the specificity of GCaMP6f
expression in GluCreGCaMP6f/Sstþ/þ mice. Islets from Glu-
CreGCaMP6f/Sstþ/þ mice were dispersed, and glucagon, GFP (which
is the fluorophore part of GCaMP6f), and SST were immunolabeled.
Results revealed that 96.4% of GFP-positive cells were positive for
glucagon (396/411 cells), attesting great specificity of the probe for a-
cells (Supplementary Figure S2E). However, only 55.4% of cells that
were positive for glucagon were also positive for GCaMP6f (396/715
cells). Immunodetections also revealed that the percentages of islet
cells corresponding to a-cells and d-cells were 16.2% (1357/8367
cells) and 5.6% (238/4232 cells), respectively, which is in accordance
with what is found in rodent pancreas [2]. All these experiments
demonstrate that the GluCreGCaMP6f/Sstþ/þ mouse model is a reli-
able model to study the correlation between a-cell [Ca2þ]c and
glucagon secretion.
MOLECULAR METABOLISM 53 (2021) 101268 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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3.2. Sulfonylureas increase a-cell [Ca2þ]c but inhibit glucagon
secretion at low glucose
We next evaluated the effects of sulfonylureas in a condition where a-
cells were stimulated by low glucose. To ensure that only a-cells are
selected (because GCaMP6f is also expressed in 3.6% of non a-cells),
we added adrenaline at the end of each experiment (see
Supplementary Figure S3 for representative traces of [Ca2þ]c mea-
surements). The addition of the KATP channel blocker tolbutamide to a
medium containing 1 mM glucose (G1) increased [Ca2þ]c in both
dispersed a-cells (Figure 1A,B, and Supplementary Figure S3A) and a-
cells within islets (Figure 1C,D, and Supplementary Figure S3B),
suggesting a direct stimulatory effect of tolbutamide on a-cell [Ca2þ]c.
By contrast, tolbutamide inhibited the rise in glucagon secretion
induced by G1 from whole islets under the same conditions
(Figure 1E,F). Similar results were obtained with gliclazide: an increase
in [Ca2þ]c in both dispersed a-cells and in a-cells within islets, but an
inhibition of glucagon secretion (Supplementary Figures S3C, D, and
S4). Taken together, these results reveal that the closure of KATP
channels increases a-cell [Ca2þ]c but inhibits glucagon secretion.
Because the effects of gliclazide and tolbutamide on a-cells were
similar, but the reversibility was slower upon the removal of gliclazide
than tolbutamide (compare Figure 1E with Supplementary Figure S4E),
all the subsequent experiments were performed with tolbutamide only.
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 3: Tolbutamide increases a-cell [Ca2D]c and stimulates glucagon secretion in G15. a-cell [Ca2þ]c (AeD) and glucagon secretion (E and F) were measured in isolated
islets from GluCreGCaMP6f/Sstþ/þ (A, B, E, and F) and GluCreGCaMP6f/Sst�/� (C, D, E, and F) mice perifused with 15 mM glucose (G15). Tolbutamide (Tolb 100 mM) was added in
G15 as indicated. Panels A, C, and E represent the mean traces � SEM of 4, 5, and 4 experiments, respectively. Panels B and D represent the scatter plots of individual cells (B,
n ¼ 59 cells/8 islets/4 mice; D, n ¼ 61 cells/9 islets/5 mice; two-tailed paired t-test for B and D) with the means � SEM of the average [Ca2þ]c calculated from panel A and C
(G15, mean of 2e10 min and 32e40 min; G15 Tolb, mean of 17e25 min). Panel F represents the scatter plot of individual experiments with the means � SEM (two-tailed paired
and unpaired t-tests) of the average glucagon secretion calculated from panel E (G15, mean of 22e30 min and 52e60 min; G15 Tolb, mean of 37e45 min). *P < 0.05;
**P < 0.005; ***P < 0.001; ****P < 0.0001.
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3.3. Sulfonylureas increase a-cell [Ca2þ]c and glucagon secretion
in the absence of SST influence
Given that sulfonylureas also stimulate SST secretion from d-cells
[8,11,12,15,20] and that SST acts as a strong inhibitor of glucagon
secretion [19,32,33,45e48], we hypothesized that inhibition of
glucagon secretion by sulfonylureas is mediated by SST. Therefore, we
generated a new transgenic mouse model, referred to as Glu-
CreGCaMP6f/Sst�/�, expressing GCaMP6f specifically in a-cells and
lacking SST. In these mice, immunodetections of glucagon, GCaMP6f
(detected by immunolabelling of GFP), and SST indicated that 93.9% of
GFP-positive cells were positive for glucagon (185/197 cells) and that
45.3% of glucagon-positive cells were positive for GCaMP6f (185/408
cells) (Supplementary Figure S5). The percentage of islet cells corre-
sponding to a-cells was 15.5% (819/5281 cells). These results were
6 MOLECULAR METABOLISM 53 (2021) 101268 � 2021 The Authors. Published by Elsevier GmbH. T
thus similar to those found in SST-expressing GluCreGCaMP6f/Sstþ/þ

mice (see Supplementary Figure S2E). More importantly, no SST-
positive cells were found in all preparations (0/5281 cells), showing
that these mice exhibit a complete ablation of SST (Supplementary
Figure S5). In this new model lacking SST, tolbutamide increased a-
cell [Ca2þ]c within islets (Figure 2A,B, and Supplementary Figure S6)
as found in control islets expressing SST (Figure 1C,D). However, it
stimulated glucagon secretion (Figure 2C,D) in opposition to what was
found in control islets (Figure 1E,F). This suggests that the direct effect
of tolbutamide on a-cells is stimulation of glucagon secretion resulting
from an increase in a-cell [Ca2þ]c, probably by a mechanism that
mirrors that of b-cells, i.e., by the closure of KATP channels leading to
membrane potential depolarization and the opening of VGCC. However,
in control islets expressing SST, the stimulatory effect of the [Ca2þ]c
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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Figure 4: SST decreases [Ca2D]c when a-cells are not depolarized or when SST is absent but does not prevent the effect of tolbutamide. a-cell [Ca2þ]c (A, B, and EeN)
and glucagon secretion (C and D) were measured in isolated islets from either GluCreGCaMP6f/Sstþ/þ (AeH) or GluCreGCaMP6f/Sst�/� (IeN) mice perifused with 7 mM (G7) and
1 mM glucose (G1). SST-14 (1 mM for GluCreGCaMP6f/Sstþ/þ and 1e10 nM or 1 mM for GluCreGCaMP6f/Sst�/�) was added in G1 alone or in the presence of tolbutamide (Tolb
100 mM), and tolbutamide was added either in G1 or in the presence of SST-14, as indicated. Panels A, C, E, G, I, K, and M represent the mean traces � SEM of 2 (M) to 3 (A, C, E,
G, I, and K) experiments. Panels B, F, H, J, L, and N represent the scatter plots of individual cells (B, n ¼ 56 cells/7 islets/3 mice; two-tailed paired t-test; F, n ¼ 80 cells/5 islets/3
mice; H, n ¼ 59 cells/6 islets/3 mice; J, n ¼ 54 cells/6 islets/3 mice; L, n ¼ 29 cells/3 islets/3 mice; N, n ¼ 26 cells/2 islets/2 mice; one-way RM ANOVA with Sidak correction for
F, H, J, L, N) with the means � SEM of the average [Ca2þ]c calculated from panel A (G1, mean of 17e25 min; G1 SST-14 1 mM, mean of 32e40 min), E (G1, mean of 17e25 min
and 77e85 min; G1 Tolb, mean of 32e40 min and 62e70 min; G1 Tolb SST-14 1 mM, mean of 47e55 min), G (G1, mean of 17e25 min and 77e85 min; G1 SST-14 1 mM,
mean of 32e40 min and 62e70 min; G1 Tolb SST-14 1 mM, mean of 47e55 min), I (G1, mean of 17e25 min and 92e100 min; G1 Tolb, mean of 32e40 min and 77e85 min;
G1 Tolb SST-14 1 nM, mean of 47e55 min), K (G1, mean of 17e25 min and 92e100 min; G1 SST-14 1 nM, mean of 32e40 min; G1 Tolb SST-14 1 nM, mean of 47e55 min; G1
Tolb SST-14 10 nM, mean of 62e70 min) and M (G1, mean of 17e25 min and 77e85 min; G1 SST-14 1 mM, mean of 32e40 min and 62e70 min; G1 Tolb SST-14 1 mM, mean
of 47e55 min), respectively. Panel D represents the scatter plot of individual experiments with the means � SEM (two-tailed paired t-test) of the average glucagon secretion
calculated from panel C (G1, mean of 40e45 min; G1 SST-14 1 mM, mean of 55e60 min). ns, not significant; *P < 0.05; ***P < 0.001; ****P < 0.0001.
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Figure 5: SST induces a strong and sustained inhibition of glucagon secretion in the presence of arginine that is not strictly associated with a drop in [Ca2D]c. a-cell
[Ca2þ]c (A, B, E, and F) and glucagon secretion (C, D, G, and H) were measured in isolated islets from either GluCreGCaMP6f/Sstþ/þ (AeD) or GluCreGCaMP6f/Sst�/� (EeH) mice
perifused with 7 mM (G7) and 1 mM glucose (G1). SST (SST-14 1 mM for GluCreGCaMP6f/Sstþ/þ and SST-14 1 nM and 10 nM for GluCreGCaMP6f/Sst�/�) was added in the
presence of arginine (Arg 5 mM) as indicated. Panels A, C, E, and G represent the mean traces � SEM of 3 experiments. Panels B and F represent the scatter plots of individual
cells (B, n ¼ 52 cells/7 islets/3 mice; F, n ¼ 25 cells/5 islets/3 mice; two-tailed paired t-test) with the means � SEM of the average [Ca2þ]c calculated from panel A (G1 Arg, mean
of 32e40 min; G1 Arg SST-14 1 mM, mean of 47e55 min) and F (G1 Arg, mean of 32e40 min; G1 Arg SST-14 1 nM, mean of 47e55 min), respectively. Panels D and H represent
the scatter plots of individual experiments with the means � SEM (two-tailed paired t-test) of the average glucagon secretion calculated from panel C (G1 Arg, mean of 52e
60 min; G1 Arg SST-14 1 mM, mean of 67e75 min) and G (G1 Arg, mean of 52e60 min; G1 Arg SST-14 1 nM, mean of 67e75 min), respectively. ns, not significant; *P < 0.05;
****P < 0.0001.
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Figure 6: In a depolarizing condition where KATP channels and [Ca2D]c are clamped, exogenous SST strongly inhibits glucagon secretion of SST-lacking islets but not
that of SST-expressing ones. a-cell [Ca2þ]c (A, B, G, and H), glucagon (C, D, I, and J) and insulin secretions (E, F, K, and L) were measured in isolated islets from either
GluCreGCaMP6f/Sstþ/þ (AeF) or GluCreGCaMP6f/Sst�/� mice (GeL) perifused with 1 mM glucose (G1) and the KATP channel opener, diazoxide (Dz 250 mM). The K

þ concentration
of the medium was increased from 4.8 to 30 mM (K30), and SST (SST-14 1 mM for GluCreGCaMP6f/Sstþ/þ and SST-14 1 nM and 10 nM for GluCreGCaMP6f/Sst�/�) was added in
the presence of K30 as indicated. Panels A, C, E, G, I, and K represent the mean traces � SEM of 3e4 experiments. Panels B and H represent the scatter plots of individual cells
(B, n ¼ 50 cells/5 islets/3 mice; two-tailed paired t-test; H, n ¼ 38 cells/3 islets/3 mice; one-way RM ANOVA with Sidak correction) with the means � SEM of the average [Ca2þ]c
calculated from panel A (G1 Dz K30, mean of 15e25 min; G1 Dz K30 SST 1 mM, mean of 30e40 min) and G (G1 Dz K30, mean of 15e25 min; G1 Dz K30 SST 1 nM, mean of 30e
40 min; G1 Dz K30 SST 10 nM, mean of 45e55 min), respectively. Panels D, F, J, and L represent the scatter plots of individual experiments with the means � SEM (two-tailed
paired t-test for D and F, and one-way RM ANOVA with Sidak correction for J and L) of the average glucagon and insulin secretions calculated from panels C, E (G1 Dz K30, mean
of 37e45 min; G1 Dz K30 SST 1 mM, mean of 52e60 min), I and K (G1 Dz K30, mean of 37e45 min; G1 Dz K30 SST 1 nM, mean of 55e60 min; G1 Dz K30 SST 10 nM, mean of
67e75 min), respectively. ns, not significant; **P < 0.005; ***P < 0.001.
increase is counteracted by the inhibitory effect of SST, which leads to
a glucagonostatic effect of tolbutamide.
Because it is expected that the direct stimulatory effect of tolbutamide
on a-cells precedes the indirect inhibitory effect by SST (because a
depolarizing effect is quicker than a paracrine effect), we repeated the
same experiments as in Figure 1E except that we increased the
temporal resolution by collecting secretion every 30 s (instead of every
2.5 min). Expectedly, tolbutamide induced a transient stimulation of
glucagon secretion (resulting from the a-cell [Ca2þ]c increase) that
MOLECULAR METABOLISM 53 (2021) 101268 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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preceded the inhibition (induced by the paracrine influence of SST)
(Figure 1G).

3.4. Sulfonylureas increase a-cell [Ca2þ]c and glucagon secretion
at high glucose
We also tested the effects of tolbutamide at 15 mM glucose (G15), a
glucose concentration that strongly stimulates SST secretion in mice
[27,49]. Interestingly, tolbutamide increased a-cell [Ca2þ]c and glucagon
secretion of both Sstþ/þ and Sst�/� islets (Figure 3 and Supplementary
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Figure 7: Blocking the endogenous effect of SST stimulates glucagon secretion in a depolarizing condition where KATP channels and [Ca2D]c are clamped, but it does
not affect insulin release. 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 glucose (G1) and the KATP channel opener, diazoxide (Dz 250 mM). The Kþ concentration of the medium
was increased from 4.8 to 30 mM (K30) as indicated. H6056 (H6056 1 mM), an SSTR2 and SSTR3 antagonist, was added in combination with CYN154806 (CYN154806 300 nM),
an SSTR2 antagonist, as indicated, to prevent the endogenous action of SST on a-cells. Panels A, C, and E represent the mean traces � SEM of 3 experiments. Panel B represents
the scatter plots of individual cells (n ¼ 67 cells/5 islets/3 mice for GluCreGCaMP6f/Sstþ/þ and n ¼ 46/5 islets/3 mice for GluCreGCaMP6f/Sst�/�, two-tailed paired t-test) with the
means � SEM of the average [Ca2þ]c calculated from panel A (G1 Dz K30, mean of 15e25 min; G1 Dz K30 H6056 þ CYN154806, mean of 30e40 min). Panels D and F represent
the scatter plots of individual experiments with the means � SEM (two-tailed paired and unpaired t-tests) of the average glucagon and insulin secretions calculated from panel C
and E (G1 Dz K30, mean of 37e45 min; G1 Dz K30 H6056 þ CYN154806, mean of 52e60 min), respectively. ns, not significant; **P < 0.005.

Original Article
Figure S7). This suggests that in control islets, at least part of the direct
glucagonotropic effect of tolbutamide mediated by the rise in a-cell
[Ca2þ]c is not counteracted by the glucagonostatic effect of SST, when
SST secretion is already strongly stimulated by high glucose.
Taken together, these data show that the effects of sulfonylureas on a-
cells depend on the balance between their direct stimulatory effect on
a-cells and their indirect inhibitory effect by SST, and that the glucose
concentration is critical in tipping the balance in one way or the other.
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3.5. SST-14 inhibits glucagon secretion by decreasing [Ca2þ]c and
the efficacy of Ca2þ on exocytosis

3.5.1. Experiments in conditions where the membrane potential
was not clamped
Because our results strongly suggest that SST is involved in the glu-
cagonostatic effect of sulfonylureas, we verified its direct effect on a-
cell [Ca2þ]c and glucagon secretion. Therefore, we applied SST-14, the
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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principal isoform of SST expressed by d-cells [8,50e52], on Glu-
CreGCaMP6f/Sstþ/þ islets. The addition of 1 mM SST-14 to the me-
dium completely suppressed the increase in glucagon secretion
induced by G1 (Figure 4C,D), and decreased a-cell [Ca2þ]c
(Figure 4A,B), most likely by inhibiting a-cell electrical activity as
previously reported [53e55]. The amplitude of the SST-induced
[Ca2þ]c drop was variable between experiments and sometimes
weak (Figure 4G,H). If SST can decrease [Ca2þ]c, then it is difficult to
explain how in GluCreGCaMP6f/Sstþ/þ islets, tolbutamide which is
known to strongly stimulate SST release [8,11,12,15,20] did not
decrease a-cell [Ca2þ]c but instead elevated it (see Figure 1C,D, and
Supplementary Figure S3B). We hypothesized that the depolarizing
effect of tolbutamide exceeds and counteracts the hyperpolarizing
effect of SST. To test this, we applied 1 mM SST-14 in the presence of
tolbutamide. As expected, the sulfonylurea increased a-cell [Ca2þ]c
from GluCreGCaMP6f/Sstþ/þ islets, whereas SST-14 applied there-
after very slightly decreased [Ca2þ]c to levels that remained higher
than in the absence of tolbutamide (Figure 4E,F). Furthermore, per-
forming the reverse protocol, by adding SST-14 first, did not prevent
the stimulatory effect of tolbutamide (Figure 4G,H). These data suggest
that the depolarizing effect of tolbutamide counteracts the hyper-
polarizing effect of SST and explain why we did not observe a decrease
of a-cell [Ca2þ]c when tolbutamide was applied on control islets. We
also tested the effect of SST in the presence of tolbutamide in the
GluCreGCaMP6f/Sst�/� mouse model. Interestingly, 1 nM SST-14
already completely inhibited the rise in [Ca2þ]c elicited by tolbuta-
mide (Figure 4I,J), suggesting that the islets from these mice are much
more sensitive to the inhibition of SST than those from control mice.
However, although SST is more potent in GluCreGCaMP6f/Sst�/�

mice, it did not prevent the stimulatory effect of tolbutamide, either at a
concentration of 1 nM (Figure 4K, L) or at a much higher concentration,
1 mM (Figure 4M, N).
Similar results were obtained with arginine which mimics the depo-
larizing effect of tolbutamide, but by another mechanism that involves
the electrogenic entry of the positively charged amino acid [1]. As
expected, arginine (5 mM) increased [Ca2þ]c, thereby reproducing the
direct stimulatory effect of sulfonylureas on a-cell [Ca2þ]c. The sub-
sequent addition of 1 mM SST-14 induced only a transient drop in
[Ca2þ]c (probably reflecting a transient hyperpolarization as previously
described [53]) followed by a small decrease because the hyper-
polarizing effect of SST was too small to counteract the depolarizing
effect of arginine (Figure 5A,B). Nevertheless, SST-14 strongly
inhibited glucagon secretion (Figure 5C,D), suggesting that SST
inhibited the efficacy of Ca2þ on exocytosis, which is expected to also
occur during sulfonylurea application. In GluCreGCaMP6f/Sst�/� islets
which are more sensitive to SST, a concentration of SST-14 as low as
1 nM was sufficient to strongly inhibit the rise in [Ca2þ]c induced by
arginine and glucagon secretion under the same conditions
(Figure 5EeH).
Our experiments detected that a-cells from Sst�/� mice were much
more sensitive to SST-14 than a-cells from Sstþ/þ mice. To test
whether this hypersensitivity reflects or not an increased expression of
somatostatin receptors (SSTR), we compared Sstr mRNA expression in
a-cells from GluCreGCaMP6f/Sstþ/þ and GluCreGCaMP6f/Sst�/� mice.
Therefore, we FACS-sorted a-cells from non a-cells of both strains of
mice based on their GCaMP6f fluorescence, and then performed qPCR
on GCaMP6fþ and GCaMP6f� fractions for insulin (Ins), glucagon (Gcg),
Sst, and Sstr1-5 mRNA. As expected, glucagon mRNA was much more
expressed in the GCaMP6fþ fraction than in the GCaMP6f� fraction,
whereas it was the opposite for insulin mRNA, showing correct cell
separation of a- and non-a-cells (Supplementary Figure S8A and B).
MOLECULAR METABOLISM 53 (2021) 101268 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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SstmRNA was low in a- and non-a-cells from Sstþ/þ mice, whereas it
was absent in Sst�/� islet cells. Among all Sstr subtypes, Sstr2 gene
was the most expressed in a-cells (Supplementary Figure S8C) as
previously documented [33,53,56e58]. Importantly, Sstr1-5 gene
expression in a- and non-a-cells was similar between Sstþ/þ and
Sst�/� mice (Supplementary Figure S8C and D), suggesting that the
hypersensitivity of Sst�/� a-cells to exogenous SST-14 was not
because of a difference in SSTR expression.
It has been documented that SST hyperpolarizes a-cells by activating
G protein-gated inwardly rectifying Kþ (GIRK) channels [53e55,59].
Therefore, we tested whether pharmacological inhibition of these
channels reverses the drop in [Ca2þ]c induced by SST-14 in various
conditions. Four types of GIRK, encoded by different genes exist; GIRK1
(Kir3.1, Kcnj3), GIRK2 (Kir3.2, Kcnj6), GIRK3 (Kir3.3, Kcnj9), and GIRK4
(Kir3.4, Kcnj5) [60]. Because a-cells strongly express GIRK1 and less
importantly GIRK2 [57,58], we used tertiapin-Q (TPNQ), a potent in-
hibitor of GIRK1/4 (Ki: 13.3 nM) [61] and GIRK1/2 channels (mostly
inhibited by 100 nM TPNQ) [62]. We selected 500 nM of TPNQ to
massively block GIRK1 and GIRK2 present in a-cells. Unexpectedly,
TPNQ did not reverse, even partially, the inhibitory effect of exogenous
SST-14 on [Ca2þ]c in a-cells of Sst�/� mice (Supplementary
Figure S9A and B). Moreover, TPNQ failed to significantly affect
[Ca2þ]c in a-cells of Sstþ/þ mice in the presence of G15 which is
expected to strongly stimulate endogenous SST release
(Supplementary Figure S9C and D). A similar lack of effect was
observed with TPNQ from two different suppliers (Tocris and Alomone).
These results suggest that SST decreases [Ca2þ]c independently of
GIRK channels, unless unexplained experimental conditions affected
the sensitivity of GIRK to TPNQ.

3.5.2. Experiments in conditions where the membrane potential
was clamped
It has been suggested that SST inhibits VGCC in human a-cells [53]. To
indirectly evaluate this possibility, we tested the effect of SST in a
condition where the membrane potential was clamped at a depolarized
level with 30 mM Kþ (K30) in the presence of a high concentration of
diazoxide to maintain KATP channels open. As expected, increasing the
Kþ concentration of the medium from 4.8 to 30 mM in the presence of
G1 and diazoxide strongly increased a-cell [Ca2þ]c and stimulated
glucagon and insulin secretions of GluCreGCaMP6f/Sstþ/þ islets
(Figure 6AeF). Adding 1 mM SST-14 in this condition affected neither
a-cell [Ca2þ]c nor glucagon or insulin secretion. K30 also stimulates d-
cells [8,57,63e65], and hence, we hypothesized that the effect of
exogenous SST-14 was masked by endogenous SST. We thus
increased the SST-14 concentration to 10 mM, but again no effect was
observed either on a-cell [Ca2þ]c or glucagon and insulin secretions
(Supplementary Figure S10). Therefore, we tested the effect of
exogenous SST-14 on GluCreGCaMP6f/Sst�/� islets in which the in-
fluence of endogenous SST is completely removed. In this model, K30
stimulated glucagon secretion much more potently than in the SST-
expressing model (compare Figure 6I (18-fold increase) with
Figure 6C (2-fold increase) and Supplementary Figure S10C (3-fold
increase)). This confirms that the release of endogenous SST
induced by K30 represses glucagon secretion. Moreover, adding a
concentration of SST-14 as low as 1 nM already very potently inhibited
glucagon secretion in the presence of diazoxide and K30 without
affecting a-cell [Ca2þ]c (Figure 6GeJ). This confirms our hypothesis
that SST can also inhibit glucagon secretion by decreasing the efficacy
of Ca2þ on exocytosis and indicates that SST does not act through
VGCC inhibition. Interestingly, SST-14 did not significantly inhibit in-
sulin secretion from islets of the same mice, suggesting a much
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weaker effect of SST on insulin release (Figure 6K,L). Because we
hypothesized that the failure of SST-14 to inhibit glucagon secretion in
GluCreGCaMP6f/Sstþ/þ islets could result from a massive SST
secretion induced by K30 that could already saturate SSTR, we applied
SSTR antagonists to block the effect of endogenous SST. Because
mouse a-cells mainly express SSTR2 and SSTR3 [33,57,58], we used
a combination of CYN154806 e an SSTR2 antagonist, and H6056 e
an SSTR2 and SSTR3 antagonist. As expected, the stimulation of
glucagon secretion by K30 was stronger in GluCreGCaMP6f/Sst�/�

islets than in GluCreGCaMP6f/Sstþ/þ islets (Figure 7C,D). Moreover,
adding H6056 þ CYN154806 in the presence of diazoxide and K30
potently stimulated glucagon secretion without significantly affecting
a-cell [Ca2þ]c in GluCreGCaMP6f/Sstþ/þ islets (Figure 7AeD, blue
traces and circles). This confirms our hypothesis that K30 stimulates
so much SST secretion of GluCreGCaMP6f/Sstþ/þ islets that the effect
of exogenous SST-14 is masked. Expectedly, these antagonists did not
affect a-cell [Ca2þ]c and glucagon secretion of GluCreGCaMP6f/Sst�/�

islets (Figure 7AeD, red traces and triangles). Mouse b-cells mainly
express SSTR3 [33,57,58]. However, K30 stimulated insulin secretion
to a similar extent in both types of islets, and the addition of
H6056 þ CYN154806 did not significantly affect insulin secretion
(Figure 7E,F). This reinforces our suggestion that SST is not as potent
at inhibiting insulin secretion as it is for glucagon release.

4. DISCUSSION

In this study, we evaluated, at two different glucose concentrations (G1
and G15), the effects of sulfonylureas on [Ca2þ]c in mouse a-cells by
confocal microscopy using a transgenic mouse model expressing a
fluorescent Ca2þ indicator specifically in a-cells. We also measured
glucagon secretion to test if it is driven by [Ca2þ]c changes. Our data
indicate that sulfonylureas increase a-cell [Ca2þ]c by a direct effect on
a-cells, like in b-cells. This is accompanied by a paradoxical inhibition
of glucagon secretion at a low glucose concentration. This glucago-
nostatic effect is mediated by SST because sulfonylureas stimulate
glucagon release in islets without the paracrine influence of SST. Thus,
in normal islets in which SST is present, the stimulatory effect of
sulfonylureas on a-cells is counteracted by SST which inhibits
glucagon release by decreasing the efficacy of cytosolic Ca2þ on
exocytosis. However, in the presence of high glucose concentration,
i.e., under conditions where glucagon secretion is already strongly
inhibited, sulfonylureas increase both a-cell [Ca2þ]c and glucagon
secretion. Our study also suggests that SST much more potently in-
hibits glucagon than insulin secretion.

4.1. Sulfonylureas control glucagon secretion by a direct
stimulatory effect on a-cells (as in b-cells) and an indirect inhibitory
effect through d-cells
Type 2 diabetes (T2D) is characterized by chronic hyperglycemia owing
to impaired insulin secretion/action. Recent studies showed that
excessive glucagon secretion also contributes to hyperglycemia
[3,4,66]. Many drugs have been developed to normalize blood glucose
level. They include sulfonylureas which stimulate insulin secretion by
closing KATP channels. However, the effects of sulfonylureas on a-cells
are still hotly debated. KATP channels have the same subunit compo-
sition in a- and b-cells in various species, including rats, mice, and
humans [36,57,67e70]. They are octameric heterocomplexes
composed of four Kir6.2 (Kcnj11) subunits forming the pore of the Kþ

channel and four SUR1 (Abcc8) subunits binding sulfonylureas. In
humans, Kir6.1 (Kcnj8) is also expressed in a-cells [70] and might be
an additional constituent of KATP channels.
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Studies testing the effects of KATP channel modulators on a-cell
membrane potential or [Ca2þ]c reported controversial results. Ex-
periments from Quesada et al., in 1999 on mouse islets did not
detect any effect of tolbutamide on a-cell [Ca2þ]c [13]. However, one
year later, results from Göpel et al. showed a depolarization of a-
cells by tolbutamide producing an inhibition of glucagon secretion
[24]. They were the first to suggest that depolarizing a-cells induces
the inactivation of low-threshold voltage-gated channels (mainly Naþ

(Nav) and less importantly T-type Ca2þ channels) leading to the in-
hibition of glucagon release. These results were confirmed later by
experiments from the same group and colleagues [21e23]. When a-
cells were already electrically active, such as in the presence of a
low glucose concentration, the depolarization induced by tolbuta-
mide was associated with an increase in the frequency of action
potentials but also with a reduction in their amplitude, or sometimes,
with suppression of action potentials, leading to a drop in a-cell
[Ca2þ]c [22e25]. Interestingly, high concentrations of diazoxide
which strongly open KATP channels decreased [Ca2þ]c and inhibited
glucagon secretion, mimicking the effect of high concentrations of
tolbutamide. By contrast, low concentrations of diazoxide which only
slightly activate KATP channels increased [Ca2þ]c and stimulated
glucagon release [21]. All these observations led to suggest the
recently reviewed model that is based on the idea that sulfonylureas
modulate glucagon secretion mainly by a direct action on a-cells
[71]. In the presence of a low glucose concentration, most KATP
channels are already closed (contrary to the situation in b-cells) and
a-cells display spontaneous action potentials; the upstroke phase of
which involves the activation of Nav and high threshold VGCC (mostly
P/Q type). The resulting increase in [Ca2þ]c stimulates glucagon
secretion. The closure of KATP channels by sulfonylureas induces a
depolarization of the plasma membrane which inactivates Nav, re-
duces Ca2þ influx through high threshold VGCC, and leads to a
paradoxical decrease in [Ca2þ]c and glucagon release. By contrast,
the strong opening of KATP channels by diazoxide keeps the plasma
membrane hyperpolarized, which prevents the generation of action
potentials, maintaining [Ca2þ]c and glucagon secretion at low levels.
This model thus predicts that glucagon secretion is stimulated in a
narrow range of KATP channel opening, whereas it is inhibited when
KATP channels are fully closed or opened. The main reasons why
sulfonylureas would exert distinct effects in a- and b-cells are (a)
that at low glucose, most KATP channels are closed in a-cells
whereas they are opened in b-cells, and (b) that a-cells possess
different low-threshold voltage-gated channels (Nav and T-type Ca

2þ

channels) than those of b-cells. However, this model is not sup-
ported by other studies. Thus, Gylfe and collaborators [27,29] re-
ported an increase in [Ca2þ]c (instead of a decrease) upon maximal
blockade of KATP channels by high tolbutamide concentrations (0.5e
1 mM) in mouse a-cells with spontaneous Ca2þ activity or slightly
depolarized by 8 mM external Kþ. The stimulatory effect of tolbu-
tamide was corroborated by studies from our group and others e
performed on isolated mouse or rat a-cells or a-cells within mouse
islets e indicating that tolbutamide depolarized the plasma mem-
brane [26,36] and increased [Ca2þ]c [26,30,34,36]. The sulfonylurea
also stimulated glucagon release from isolated a-cells [36].
Furthermore, the effects of sulfonylureas in vivo in humans also
yielded divergent results since studies reported a decrease in glu-
cagonemia [72e76], no effect [77,78] or an effect that depended on
the type of sulfonylurea [79]. The reasons for all these discrepancies
are unknown. It has been speculated that it might be because of
species differences as mouse, rat, and human a-cells do not express
the same sets of channels and might not have the same KATP channel
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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density [13,22,67,69,71,80]. However, this explanation is not suf-
ficient because divergent results were obtained using the same
species, the mouse. Discrepancies might also be related to differ-
ences between the experimental conditions or models. In particular,
it has been suggested that the expression of channels is different in
isolated a-cells and a-cells within islets. Our [Ca2þ]c measurements
indicated that KATP channel inhibition by tolbutamide or gliclazide
exerted similar effects and increased [Ca2þ]c in both isolated a-cells
and in a-cells within islets. This indicates that sulfonylureas exert a
direct stimulatory effect on a-cells, most likely by activating a similar
mechanism as in b-cells i.e., a plasma membrane depolarization
that opens VGCC. However, in G1, this increase in a-cell [Ca2þ]c did
not correlate with an increase in glucagon secretion because sul-
fonylureas inhibited glucagon release from islets. This glucagono-
static effect was attributed to SST because tolbutamide stimulated
glucagon secretion of islets from Sst�/� mice. This is fully in
agreement with the well-known stimulatory effect of sulfonylureas
on SST release [8,11,20,31,46,55,56,81e83]. By contrast, in G15,
tolbutamide stimulated glucagon release in both Sstþ/þ and Sst�/�

mice. Therefore, we propose that the effect of KATP channel blockers
on glucagon release involves SST and depends on the glucose
concentration present in the medium/plasma, which could explain, at
least partly, the discordant interpretations in the literature based on
ex vivo studies in rodents and in vivo studies in humans. Taken
together, these data indicate that the effects of sulfonylureas on
glucagon release result from a balance between their direct stimu-
latory effect on a-cells and their indirect inhibitory effect through d-
cells activation (Figure 8A). However, this model applies only to KATP
channel blockers and not to glucose, for which the involvement of
[Ca2þ]c in the control of glucagon secretion is highly controverted
[1,4,84e86] and was not addressed in the present study.

4.2. SST-14 inhibits glucagon secretion by decreasing [Ca2þ]c and
the efficacy of Ca2þ on exocytosis
SST is synthesized from a 116-amino acid precursor, pre-
prosomatostatin, which is converted in a cell-specific pattern into
various peptides including two bioactive forms: SST-14 and SST-28.
Pancreatic d-cells mainly secrete SST-14 which contributes to <5%
of circulating SST, the rest mainly being secreted by intestinal D-cells in
the form of SST-28 [87e91]. Because we hypothesized that SST is
responsible for the glucagonostatic effect of sulfonylureas, it was
important to test if the effects of SST-14 on [Ca2þ]c and glucagon
release are compatible with such a role. Several mechanisms of inhi-
bition of glucagon release by SST have been proposed including cAMP
reduction [45,92e95], VGCC inhibition [53], activation of GIRK [53e
55,59], and calcineurin-dependent secretory granules depriming [81].
Our observation that SST-14 very potently inhibits glucagon secretion
from Sst�/� islets without affecting a-cell [Ca2þ]c in conditions where
the membrane potential of a-cells is clamped at a stable depolarized
level (i.e., in the presence of high Kþ (K30) and diazoxide; Figure 6Ge
J), suggests that SST-14 does not significantly inhibit VGCC. Since
[Ca2þ]c remained steadily elevated in this condition, this experiment
also demonstrates that SST inhibits the efficacy of Ca2þ on exocytosis.
These Ca2þ- and membrane potential-independent mechanisms are
most likely responsible for the glucagonostatic effect of sulfonylureas
despite the rise in a-cell [Ca2þ]c that these drugs produce. However,
we also observed that SST-14 decreased [Ca2þ]c in conditions where
the plasma membrane was not clamped (more importantly in Sst�/�

than in Sstþ/þ islets, discussed below). This effect likely results from
the activation of a hyperpolarizing current. Surprisingly, it does not
seem to involve GIRK channels since TPNQ did not reverse the effect of
MOLECULAR METABOLISM 53 (2021) 101268 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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exogenous SST-14 or the effect of endogenous SST. An alternative
candidate for the hyperpolarizing effect of SST is the big conductance
Kþ (BK) channel (Kcnma1) and because it is expressed by a-cells
[57,58,96], it contributes to the mechanisms controlling glucagon
secretion [97], and is activated by SST in neurons and pituitary cells
[98,99]. Identification of the channel responsible for the [Ca2þ]c
lowering effect of SST is, however, beyond the scope of this study.
Sulfonylureas, which also stimulate SST secretion, did not decrease a-
cell [Ca2þ]c as the membrane potential was not clamped. We hy-
pothesized that, upon sulfonylurea application, the hyperpolarizing
effect of SST is counteracted or even surpassed by the depolarizing
effect of KATP channel closure (Figure 8C). Several observations sup-
port this hypothesis. In Sstþ/þ islets, the addition of a high concen-
tration of SST-14 (1 mM) to a medium containing tolbutamide only
slightly decreased [Ca2þ]c to levels that remained higher than in the
absence of sulfonylurea. In both Sstþ/þ and Sst�/� islets, SST-14
failed to prevent the stimulatory effect of tolbutamide. To reinforce
these conclusions, we used an experimental paradigm in which we
depolarized the plasma membrane and increased a-cell [Ca2þ]c with
arginine (which enters into the cell in a positively charged form).
Endogenous SST levels are expected to be lower in the presence of
arginine than tolbutamide as previous studies have recognized that
arginine less potently stimulates SST secretion than sulfonylurea
[19,83,100]. However, the application of exogenous SST-14 in the
presence of arginine barely decreased [Ca2þ]c. All these results sug-
gest that the hyperpolarizing effect of SST is too small to counteract the
depolarizing effect of arginine or tolbutamide.
Our experiments also suggest that the effect of exogenous SST-14
strongly depends on the amount of endogenous SST that is
secreted. Indeed, SST-14 much more potently inhibited glucagon
secretion and a-cell [Ca2þ]c from Sst�/� islets than from Sstþ/þ

islets. Although we did not find differences in Sstr1-5 mRNA
expression between a-cells from Sst�/� and Sstþ/þ mice, we cannot
rule out the possibility that this hypersensitivity of Sst�/� islets to SST
results from a higher expression of SSTR (at the protein level) and/or a
lack of SSTR desensitization that is probably present in Sstþ/þ islets.
However, we also provide indications suggesting that, even in Sstþ/þ

islets, the level of endogenous SST affects the effectiveness of
exogenous SST-14. Thus, exogenous SST-14 more potently inhibited
glucagon secretion in G1 than in G1 þ 5 mM arginine (compare
Figure 4C with Figure 5C). Moreover, exogenous SST-14 was
completely ineffective in strong depolarizing conditions
(K30 þ diazoxide), probably because endogenous SST was already
exerting its maximal effect. We did not measure SST secretion in all
these conditions because it would not be indicative of the actual level
of endogenous SST in islets. However, the potent glucagonotropic
effect of SSTR2/3 antagonists (CYN154806 þ H6056) in
K30 þ diazoxide strongly supports our assumption. Interestingly, we
previously showed that the same antagonists reversed the glucago-
nostatic effect of sulfonylureas [33].

4.3. SST-14 inhibits glucagon secretion more efficiently than
insulin secretion
The same mechanisms as those documented in a-cells have been
identified in b-cells [10] and include cAMP reduction [53,56,93,101e
103], VGCC inhibition (in humans [53], but not in mice [104]), GIRK
activation [53], and calcineurin-dependent secretory granules
depriming [104]. We and others previously showed that endogenous
SST or exogenous SST-14 inhibited insulin secretion in conditions
where b-cells are stimulated by glucose or KATP channel blockers
and without clamping their membrane potential [19,31,48,101,105e
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 13
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Figure 8: Model depicting the direct and indirect (via d-cells) mechanisms by which sulfonylureas control glucagon release. (A) Direct and indirect effects exerted by
sulfonylureas (KATP channel blockers) on a-cells. By depolarizing a-cells, sulfonylureas increase [Ca2þ]c which stimulates glucagon secretion. The mechanism is similar to what
occurs in b-cells, and any other depolarizing agents (such as high Kþ (K30) or arginine) will produce the same effect, i.e., an increase in [Ca2þ]c parallel to the stimulation of
secretion. However, sulfonylureas also depolarize d-cells and stimulate SST secretion. The latter then inhibits glucagon release by decreasing the efficacy of Ca2þ on exocytosis
and by decreasing a-cell [Ca2þ]c (by a hyperpolarizing current carried by a channel of unknown nature (�) but that is different from GIRK channels). Like sulfonylureas, depolarizing
agents also stimulate d-cells so that the net effect on a-cells depends on the depolarizing status of the latter. (B) Sulfonylureas exert two opposite effects on glucagon release
depending on the glucose concentration. At low glucose, secretion of glucagon is high whereas that of SST is low. The addition of sulfonylureas stimulates SST secretion which
indirectly inhibits glucagon release despite the sulfonylurea-induced increase in a-cell [Ca2þ]c because SST mainly inhibits the efficacy of Ca2þ on exocytosis in a-cells. At high
glucose, the situation is reversed. SST secretion is high and glucagon release is low because it is already inhibited by SST and other mechanisms. The addition of sulfonylureas
stimulates glucagon release because the inhibitory effect by SST is already near its maximum, and therefore, the direct stimulatory effect of sulfonylureas on a-cells is the main
visible effect. (C) Effects of sulfonylureas on various parameters (shown as relative changes) affecting the membrane potential (MP), [Ca2þ]c and exocytosis in a-cells of islets
expressing or not expressing SST, at low and high glucose. (1) At low glucose and in control islets expressing SST, sulfonylureas reduce the KATP channel conductance (GKATP) of a-
cells (a) and stimulates SST secretion which activates an unknown hyperpolarizing conductance (GX) in a-cells (b). The net effect (GKATP þ GX) is a decrease of hyperpolarizing
conductance (c) resulting in the depolarization of the membrane potential (MP) (d). This produces an increase in a-cell [Ca2þ]c (e) and a Ca

2þ-dependent stimulation of exocytosis
(f). In addition to activating a hyperpolarizing conductance, SST inhibits the efficacy of Ca2þ on exocytosis (g). The net effect is thus an inhibition of exocytosis (h). (2) At low glucose
and in a condition where SST is absent (i.e., in Sst�/� mice), sulfonylureas inhibit the KATP channel conductance (a) but do not affect Gx (b) because SST is not produced. This
results in a net decrease of a hyperpolarizing conductance that is stronger than in Sstþ/þ mice (c), and therefore, leads to a stronger depolarization (d). This leads to an increase in
a-cell [Ca2þ]c (e) which strongly stimulates exocytosis because it is not counteracted by the glucagonostatic effect of SST (feh). (3) At high glucose and in control islets expressing
SST, a-cell GKATP is probably lower than at low glucose, so that sulfonylureas probably reduce GKATP relatively less than at low glucose (a). Gx is probably already activated by SST
released at high glucose, so that SST secreted in response to sulfonylureas activate relatively less Gx than at low glucose (b). The net effect (GKATP þ GX) is a decrease of a
hyperpolarizing conductance (c) resulting in a depolarization of the membrane potential (MP) (d). This produces an increase in a-cell [Ca2þ]c (e) and a Ca

2þ-dependent stimulation
of glucagon exocytosis (f). SST also decreases the efficacy of Ca2þ on exocytosis, but since glucagon secretion is already inhibited by high glucose (by SST-dependent and
-independent mechanisms), this effect is weaker than at low glucose level (g) and does not counteract the direct stimulation of a-cells by sulfonylureas, resulting, in fine, in a
stimulation of glucagon secretion (h). (4) At high glucose and in Sst�/� islets, sulfonylureas produce almost the same effect as at low glucose level in Sst�/� islets (except for slight
differences in the amplitude of some effects), i.e., an inhibition of GKATP of a-cells (a) resulting in an MP depolarization (d), an increase in a-cell [Ca2þ]c (e) and stimulation of
glucagon secretion (h). KATP, ATP-sensitive Kþ; VGCC, voltage-gated Ca2þ channels.
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108]. However, three observations of the present study suggest a
much weaker inhibitory effect of SST-14 on insulin than on glucagon
secretion. First, the addition of K30 to a medium containing diazoxide
more strongly stimulated glucagon secretion of Sst�/� islets than
that of Sstþ/þ islets while having a similar effect on insulin secretion
from both types of islets (Figures 6 and 7). Second, the addition of
exogenous SST-14 to a medium containing K30 and diazoxide
potently suppressed glucagon secretion of Sst�/� islets while it
exerted only a small, but not significant, effect on insulin secretion in
the same experiments (Figure 6G-L). Third, SSTR2/3 antagonists
strongly stimulated glucagon release of Sstþ/þ islets but they had no
effect on insulin secretion (Figure 7). Because all these experiments
were performed in conditions were the membrane potential was
clamped with K30 and diazoxide while [Ca2þ]c was steadily elevated
in whole islet [109,110], these results suggest that SST-14 very
potently inhibits glucagon secretion by its Ca2þ-independent mech-
anism but exerts no or weak effect on insulin release in these
conditions. The experiments of the present study were not designed
to test the inhibitory effect of SST in conditions where b-cells were
stimulated without clamping their membrane potential. They were
designed to investigate the effect of SST on glucagon secretion, i.e.,
in conditions where glucagon secretion was elevated but insulin
release was close to basal. Overall, these results suggest a more
potent inhibitory effect of SST-14 on glucagon than on insulin
secretion. Previous experiments have reported that rat a-cells are
much more sensitive than b-cells to SST-14, while they are equally
sensitive to SST-28 [95,111]. SST-14 is the endogenous form pro-
duced by islets whereas SST-28 is produced outside the islet, and
hence, it has been suggested that islet d-cells are much more potent
regulators of glucagon than of insulin secretion. This concept is
reinforced by the architecture of mouse islets with a b-cell core
surrounded by a mantle of a- and d-cells [112] and by the existence
of frequent contacts between a- and d-cells [113e116]. It should be
remembered that in mice, a-cells mainly express SSTR2 and SSTR3,
while b-cells mainly express SSTR3 [8,33,57]. It is possible that
SSTR2 more potently inhibits the efficacy of Ca2þ on exocytosis than
SSTR3. Other mechanisms downstream of SSTRs could also explain
the difference in sensitivity of a- and b-cells to SST.
The critical role of SST in the control of glucagon secretion might be
important to avoid excessive glucagon secretion that could lead to
hyperglycemia as observed in diabetes [117e120]. Indeed, a recent
study showed that human a-cells from T2D patients are insensitive to
paracrine control by SST which could lead to the apparition of
hyperglucagonemia and exacerbate hyperglycemia [121]. Moreover,
T1D and advanced T2D patients exhibit an impaired glucagon
response to insulin- or sulfonylurea-induced hypoglycemia, which can
lead to life-threatening hypoglycemic episodes [120,122]. The
mechanisms are controversial and might result from impaired acti-
vation of the central nervous system [123e125], inhibition of glucagon
release by excessive insulin [126,127] or SST secretion [128,129], or
an impaired direct effect of low glucose on a-cells [1]. Previous studies
showed that sulfonylureas blunted the glucagon response to hypo-
glycemia in hypoglycemic clamps [74,75], raising the possibility that
sulfonylureas diminish the normal glucagon response to hypoglycemia,
as observed in diabetes. It was suggested that this diminished
response was caused by intraislet insulin released in response to
sulfonylureas. Our data suggest an alternative mechanism involving an
inhibition of the glucagon response to hypoglycemia by SST secreted in
response to sulfonylureas.
MOLECULAR METABOLISM 53 (2021) 101268 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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5. CONCLUSIONS

We suggest that sulfonylureas directly stimulate a-cells by similar
mechanisms to those in b-cells. By closing a-cell KATP channels,
sulfonylureas depolarize a-cells, increase [Ca2þ]c, and stimulate
glucagon secretion. However, their effects also involve an indirect
inhibitory effect via SST secreted by d-cells so that the net effect
depends on the glucose concentration present in the medium
(Figure 8). Thus, at a high glucose level, sulfonylureas stimulate
glucagon secretion because SST is already secreted in response to
glucose, whereas, at a low glucose level, sulfonylureas inhibit
glucagon release because SST counteracts the direct stimulatory effect
of sulfonylureas on a-cells. This glucagonostatic effect mediated by
SST results from an inhibition of the efficacy of cytosolic Ca2þ on
exocytosis. Although exogenous SST also inhibits glucagon secretion
by decreasing a-cell [Ca2þ]c, no decrease in [Ca2þ]c occurs during
sulfonylurea application because it is largely counterbalanced by the
direct stimulatory effect of these drugs on a-cell [Ca2þ]c. Experiments
with high Kþ reveal that endogenous SST also strongly limits glucagon
secretion. In addition, our results indicate that, unexpectedly, SST-14
poorly decreases the efficacy of Ca2þ on exocytosis in b-cells.
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