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Biphasic glucose-stimulated insulin secretion (GSIS) is essential for blood
glucose regulation, but amechanistic model incorporating the recently
identified islet 3 cell heterogeneity remains elusive. Here, we show thatinsulin
secretion s spatially and dynamically heterogeneous across the islet. Using
azinc-based fluorophore with spinning-disc confocal microscopy, we reveal
that approximately 40% of islet cells, which we call readily releasable 3 cells

(RRps), are responsible for 80% of insulin exocytosis events. Although glucose
up to18.2 mM fully mobilized RRs to release insulin synchronously (first
phase), even higher glucose concentrations enhanced the sustained secretion
fromthese cells (second phase). Release-incompetent 3 cells show similarities
to RRBsinglucose-evoked Ca** transients but exhibit Ca**-exocytosis
coupling deficiency. A decreased number of RR3s and their altered secretory
ability are associated with impaired GSIS progression in ob/ob mice. Our data
reveal functional heterogeneity at the level of exocytosis among [ cells and
identify RRPs as asubpopulation of 3 cells that make a disproportionally large

contribution to biphasic GSIS from mouse islets.

Glucose-stimulated insulin secretion (GSIS) from pancreatic 3 cells
facilitates the downstream absorption and utilization of glucose, and
these effects maintain tight glucose homoeostasis in the circulation.
A stepwise increase in blood glucose levels evokes biphasic insulin
secretion consisting of a fast first phase and a sustained second phase.
A defectin the first phase represents an early sign of 3 cell dysfunc-
tionin type 2 diabetes'?, and its restoration by gastric bypass surgery
leads toimmediate improvementsin glucose tolerance without weight
reduction or sensitized insulin function®. Therefore, the transient first
phase is indispensable to tight glucose homoeostasis in vivo, but the
underlying molecular mechanismis unclear.

The prevailing model suggests the existence of distinct pools of
secretory vesicles in 3 cells; the depletion of the readily releasable pool

(RRP) accounts for the fast first phase, whereas its replenishment confers
the slow phase*. Although this vesicle-centric model has received much
support®”, it does not take into account the 3 cell heterogeneity found
in dissociated f cells*” and intact islets'*". In fact, (3 cells can be catego-
rized into subpopulations based on the expression of protein markers',
single-cell omics”, and functional heterogeneity in terms of glucose
metabolism (nicotinamide adenine dinucleotide phosphate response,
glucokinase expression)'*" and glucose-stimulated Ca** signalling in
theislet™®”. In addition, f cells reside in environmental niches contain-
ing other cell types' . How different subpopulations of 8 cells interact
witheach otherand with other celltypesintheislet to shape the stimula-
tion-secretion coupling remains unknown, and the major challenge
liesin detecting insulin secretion originating from differentislet 3 cells.

A full list of affiliations appears at the end of the paper.
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Fig.1| Glucose stimulates spatially and dynamically heterogeneous insulin
secretion within anintactislet. a, Exocytosis in anislet (from a male mouse)
before (left) and after (right) glucose (18.2 mM) stimulation. Colour-coded
punctarepresent fusion sites and time. The plasma membrane was labelled with
FM 4-64 dye (orange). C1-C6 marks six cells with the highest secretion.

b, Three-dimensional distribution of fusion events labelled with FluoZin-1in
anislet (from a male mouse). The zaxis is colour-coded. ¢, Time-dependent
histogram of glucose-induced fusion events in the whole islet shownina. The
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time point ‘0 s’ indicates the start of glucose stimulation. d, Heatmap of the
fusion event density in the islet shownin a. e, Time-dependent heatmap of
exocytosis fromindividual cellsin theislet shown ina. The rows represent cells
ranked by secretory capacity (number of fusion events in 15 min). Each pixel
represents the colour-coded fusion events occurring within 10 s. f, Exocytosis
frequency histograms of glucose-induced fusion events from the top 6 cells
shownine. Their positions are highlighted in a. Representative images represent
atleast three biological replicates (a, b). Scale bar =10 pm.

Wevisualized hundreds of glucose-stimulated vesicular exocytotic
eventsinintact mouseislets insitu by combining the use of a zinc-based
fluorophore with spinning-disc confocal microscopy. We found an
exponential distribution of the secretory capacity of 3 cells within the
islet, which was modulated by the paracrine input from neighbouring
cells, including & cells. In contrast, the synchronous and asynchronous
release fromthe same readily releasable 3 cells (RRs) dominates the
biphasic GSIS. This individual-cell-centric mechanism demonstrates
the critical dysfunction in biphasic GSIS at the islet level during the
progression of diabetes in ob/ob mice.

Results

Spatially and temporally heterogeneous secretionin theislet
Two-photon microscopy combined with the use of non-cell-permeable
fluorescent probes allows for the visualization of individual secretion
events within islets*>*. However, this approach cannot distinguish
whether the release occurs from insulin-, glucagon- or somatosta-
tin (SST)-containing vesicles and cannot separate exocytosis from
endocytosis. We used a non-cell-permeable fluorescent Zn** indica-
tor, FluoZin-1, to detect the zinc coreleased with insulin within islets*
under a spinning-disc confocal microscope (Extended Data Fig. 1a).

The stimulation of an intact islet with an extracellular solution con-
taining 18.2 mM glucose and FluoZin-1 (8 uM) resulted in the abrupt
(1-2 minlater) emergence of fluorescent puncta, which represent the
individual fusion of insulin granules from (3 cells (named ‘zinc flick-
ers’; Fig. 1a, Extended Data Fig. 1b and Supplementary Video 1). The
inclusion of FluoZin-1did not affectinsulin secretion, as demonstrated
by conventional ELISA (Extended Data Fig. 1c). Moreover, exocytosis
labelled with FluoZin-1 could be observed in deep layers of the islet,
suggesting that FluoZin-1and glucose readily diffused through the
interstitial space toreachcellsin theislet core (Fig. 1b). Preincubating
islets with250 pM diazoxide repolarized 3 cells and almost abolished
zinc flickers (Extended Data Fig. 1d,e), whereas removing diazoxide
re-evoked zinc flickers (Extended Data Fig. 1f). Moreover, zinc flickers
seldomoccurred withina or & cells (indicated by glucagon-Cre-driven
GCaMPe6fexpression (Glu-GCaMPmice) and SST-Cre-driven tdTomato
expression (Stdt mice), respectively; Extended Data Fig. 1g-i). There-
fore, the ‘zinc flicker’ method is a sensitive and specific approach for
detecting insulin granule secretion.

To follow the time-dependent exocytosis process, we focused
onaplane above the glass coverslip (superficial layer of the islet) and
continuously imaged this plane at 3-5 Hz for >15 min. The ensemble
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secretion showed a rapid peak followed by multiple smaller peaks,
resembling the biphasic GSIS measured by ELISA (Fig.1c). By labelling
the cellmembrane withintheislet with FM 4-64 (Fig. 1a), we appreciated
the heterogeneous secretion fromdifferent 3 cellsin situ. Spatial analy-
sisrevealed that fusion puncta clustered at ‘hotspots’, as manifestedin
three-dimensional stacks (Fig. 1b) or from time-lapse summations of
secretions inone plane (Fig. 1d). The examination of individual (3 cells
showed that, although many (3 cells remained silent most of the time,
afew p cellssecreted persistently (Fig. 1e). Instead of sharing the same
biphasickinetics, these hypersecretory cells released insulin concur-
rently during the onset of glucose stimulation and asynchronously
later (Fig. 1e,f). Therefore, exocytosis evoked by glucose withinintact
islets exhibits spatial and temporal heterogeneity, indicating that
biphasic GSIS should be dissected at theindividual  celland ensemble
isletlevels.

RRps dictate biphasic GSIS

Following stimulation withincreasing glucose concentrations, the first
phase of GSIS in single islets (0-5 min after stimulation) progressed
gradually. In contrast, the sustained second phase (5-15 min after
stimulation) started to manifest at glucose concentrations >9.8 mM
(Fig. 2a,b). These data agree with previous ELISA measurements con-
ducted in perfused rat pancreas® and mouse islets®. The total secretion
ofthefirst peak evoked by 18.2 mM glucose approximated that stimu-
lated by the sequential application of 9.8 and 18.2 mM glucose (366 + 50
versus 460 + 148 events) under the staircase stimulation; the secretion
evoked by 29.2 mM glucose also approximated that produced by the
sequential application0f9.8,18.2and 29.2 mMglucose (554 + 112 versus
682 + 231 events; Fig. 2b,c). These data support the package-storage
hypothesis of insulin secretion” and show that glucose concentrations
limit the amplitude of the first phase of GSIS.

Although increased glucose stimulation generally reduced the
number of nonresponsive cells (Fig. 2d), responsive cells still exhibited
variable responses (Extended Data Fig. 2a). To quantify this heteroge-
neity, we defined the total number of fusion events within a single cell
(during15 min of stimulation) as the secretory capacity (s), the number
of responsive cells fromallislets as N, the number of cells with asecre-
tory capacity sas n(s) and the number of cells with a secretory capacity
larger than s as N(s). Specifically, we found that the complementary
cumulative distribution function (CCDF) of the secretory capacity
followed the same exponential distribution, N(s) =N x exp(—=k x s)
(Fig. 2e, Extended Data Fig. 2 and Methods), whereas k varied at differ-
ent glucose concentrations. By taking the derivative, the probability
density distribution function was calculated asn(s) = N x k x exp(-k x ),
an exponential function indicating uneven contributions from dif-
ferent cells. We then introduced the Gini coefficient” to evaluate the
heterogeneous contribution of different cells quantitatively (Fig. 2f
and Methods). With increases in the glucose concentration, the Gini
coefficient of all islet cells (including nonresponsive cells) decreased

to 0.54 (Fig. 2g), which closely resembled the constant (0.5) for ideal
exponential distributions. Therefore, despite a ~24.8-fold change
in exocytosis (7 mM: 53 + 9 fusion events versus 29.2 mM: 1,315 + 225
fusion events), glucose constantly stimulated secretion from a select
group of 3 cells withinislets.

Thus, we termed highly secretory {3 cells that contributed to
80% of the total insulin secretion as RRfs. These cells comprised
approximately 40% of all islet cells under stimulation with glucose
concentrations >18.2 mM (Fig. 2h). Assuming that, on average, non-f3,
nonresponsive cells constituted 10% of islet cells (refer to 16% or 6%
nonresponsive cells under 18.2 and 29.2 mM glucose stimulation,
respectively, in Fig. 2d), itimplies that almost half of the 3 cells within
theislet wereincapable ofinsulin secretion. Consequently, these [ cells
arereferred toasrelease-incompetent 3 cells (RIfs). Although glucose
mobilized the same pool of RRf3s during both phases of GSIS (Fig. 2i),
18.2 mMglucose almost activated the secretion fromall individual RR3s
duringthefirst phase (Fig. 2h) and accelerated vesicle exocytosis after
stimulation (Fig. 2j). In contrast, higher glucose concentrations con-
tinuously enhanced sustained insulin secretion from individual RRBs
(Fig. 2k), and this enhancement also contributed to the synchronized
release that manifested as the potentiated second phase of secretion
(Fig. 21,m, Extended Data Fig. 3 and Methods). Under conditions in
whichthe second phase of secretion was potentiated by 18.2 or 29.2 mM
glucose, RRPs also largely contributed to the second phase of GSIS
(Fig.2n). By designing anislet perfusion system, we exposed the islet to
repeated glucose stimulation (18.2 mMinitially, thenreverted to3 mM,
followed by another 18.2 mM; Extended Data Fig. 4a). Insulin secretion
demonstrated spatiotemporal repeatability (Fig. 20,p). The secretion
capacity of B cells (labelled with GCaMPéfin the Ins1-Cre'; Ins-GCaMP
mouse line) showed anearly linear correlation (R*= 0.64), with approxi-
mately 83% of RRs and 86% of RIBs in the second round being the same
asthoseinthefirstround (Fig.2q,r). This spatiotemporal repeatability
of insulin secretion and Ca® dynamics was similar in islets from female
and male mice (Extended DataFig.4b-e). Collectively, these dataaffirm
that RRfs constitute a distinct subpopulation. Therefore, glucose
stimulation selectively activates RRfs within the islet and modulates
the biphasic GSIS through efficient RR3 mobilization, synchronization
and sustained exocytosis capabilities.

Tight coupling between Ca** and exocytosis in RRBs

To explore the differences between RRPs and RIfs, we simultane-
ously monitored the Ca?* dynamics and insulin secretion in the same
Ins-GCaMPislets using ared zinc-bound probe (PKZnR-1; Supplemen-
tary Video 2)*. Although differentislet 3 cells exhibited varied secretion
levels (Fig. 3a,b), their Ca®* dynamics were similar, displaying a steady
oroscillating second phase (Fig. 3c,d). By quantitatively analysing the
maximum amplitude and initiation speed of Ca* transients in the first
phase (Fig. 3e), we found that, despite the more than sevenfold larger
exocytosis (Fig. 3f; steady: 33 + 2 versus 5 + 0.5 fusion events, oscillating:

Fig.2|RRpBs orchestrate biphasic GSIS. a, Representative example images

of exocytosis. Glucose concentration is shown in the upper-left corner of each
image. Colour-coded punctarepresent fusion sites and time. Orange pseudo-
colour marks the plasma membrane. b, Time-dependent fusion events induced
by single-step or staircase glucose stimulation. ¢, Fusion events in the first phase
(a1, bl, cl) of single-step or staircase stimulation. d, Ratio of nonresponsive cells.
e, CCDF of the secretory capacity of total responsive cells. The R? values are

0.93 (7mMglucose), 0.96 (9.8 mM glucose), 0.99 (18.2 mM glucose) and 0.98
(29.2 mM glucose). f, Gini coefficient is the ratio of the area that lies between the
line of equality and Lorenz curve (marked A) over the total area above the line of
equality (marked A and B). g, Gini coefficient statistics. h, Ratio of RRps. i, Ratio of
colocalization of RRBs between the first and second phase. j, Delay time in RR3s.
Centre line, median; limits, 75% and 25%; whiskers, maximum and minimum.

k, Secretory capacity of RRPs in different phases. 1, Synchronization of RRBs at
10-sintervals. m, Synchronization ratio in different phases of GSIS. n, Ratio

of colocalization of RRBs between 9.8 and 18.2 or 29.2 mM glucose during
staircase stimulation. 0-q, Representative image of exocytosis (0), time-
dependent fusion events (p) and two-round secretory capacity of 3 cells

(q; n=416) inrepeat 18.2 mM glucose stimulation. R1, round 1; R2, round 2.

r, Ratio of colocalization of RRBs and RIfs between two rounds of stimulations.
Dataare shown as mean +s.e.m.inb-d, g-j, I-n, pandr. Pvalues were calculated
by atwo-sided unpaired Student’s t test. NS, not significant, P> 0.05; P < 0.05,
“P<0.01,"'P<0.001,""P<0.0001. Exact Pvalues are provided in Supplementary
Table 1. Datasets for single-step stimulation included three islets from two male
mice, nineislets from five male mice, nine islets from three male and four female
mice, or threeislets from three male mice for 7,9.8,18.2 and 29.2 mM glucose,
respectively; for staircase stimulation, we collected three islets from one male
mouse. Injandk, RRBs consisted of 22 cells for 7 mM glucose, 98 cells for 9.8 mM
glucose, 117 cells for 18.2 mM glucose and 40 cells for 29.2 mM glucose. In p-r, 11
islets were collected from four male and four female mice. Scale bar =10 pm.
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27 +5versus 4 + 0.5 fusion events), the maximum amplitudes of the
Ca” transients in RRBs were not different from those in RIBs (Fig. 3g).
The only difference was the faster initiation speed in RRfs (Fig. 3h),
which was partly due to a group of nonresponsive 3 cells exhibiting

slower initiation speeds (Fig. 3i). Furthermore, we also analysed the
relationship between RRBs and other specific cell types (forexample,
‘first-responder cells’,
responses'®”* (Extended Data Fig. 5). Consistent with the important

‘hub cells’) recently identified in terms of Ca?
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Fig. 3| RRBs demonstrate tighter coupling between Ca** and secretion
than RIs. a,b, Representative examples of steady (a; from a female mouse)
and oscillating (b; from a male mouse) Ca** signals (colour map) and fusion
events (puncta) evoked by 18.2 mM glucose in anislet. The 3 cells are outlined
by white circles. The colour map indicates the maximume-intensity z projection
(arbitrary units (a.u.)) of the Ca** signal in each pixel during stimulation for

15 min (steady) or 28 min (oscillating). Fusion events are highlighted as red
puncta. Fl, fluorescence intensity. ¢,d, Coupling relationship between steady
(c) or oscillating (d) Ca** signals (curve) and fusion events (histogram) in three
individual § cells with different secretory capacities within the sameiislet.

e, Example of Ca** transients evoked by 18.2 mM glucose in a B cell. Amplitude
was defined as (F,., — Fo)/Fo. Initiation speed was defined as the initial slope of
the Ca®" influx (see details in Methods). f-h, Secretory capacity (f), maximum

amplitude (g) and initiation speed (h) of Ca*" transients in RRBs and RIBs

under steady and oscillating Ca?* dynamics. i, Colour-coded initiation speed
(arbitrary units) of Ca®* transients inindividual B cells within the islet shown in
b.j, The coupling coefficient between Ca* and secretion increased along with
enhancementinthe secretory capacity. Data are shown asmean = s.e.m.in f-h.
Pvalues were calculated by a two-sided unpaired Student’s ¢ test. NS, P> 0.05;
'P<0.05,"P<0.001, "P<0.0001. Exact Pvalues are provided in Supplementary
Table 1. For datasets in f-h: steady, n = 79 RRBs and 122 RIf}s from six islets from
one male and three female mice; oscillating, n =27 RRs and 38 RIf3s from three
islets from one male mouse. Datainj: n = 201 cells from six islets from one male
and three female mice in steady Ca*; n = 65 cells from three islets from one male
mouse in oscillating Ca*". Scale bar =10 um.

role of first-responder cells?, 61-67% of these cells were classified as
RRPs under both steady and oscillating Ca** dynamics. This percent-
ageis notably higher than the percentage (17-33%) of ‘second-follower
cells’ that overlapped with RRBs (Extended Data Fig. 5a). Under an

oscillating second phase, 67% of leader cells' and 29% of hub cells"”
(defined by the top 10% of cells with the highest connection number)
were RRPs. These results suggest that, with respect to Ca** dynamics,
first-responder and leader cells exhibit a higher secretory capacity. In
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contrast, second-follower and hub cells generally do not respond to glu-
cose stimulationinterms of insulin secretion. However, heterogeneous
Ca®'signals within theislet are unlikely to be the primary force behind
thevariations observedinislet  cell secretion. Rather, we discovered
that glucose-induced Ca*" dynamics correlated well with secretions
from RRps, especially in an oscillating pattern. This sharply contrasted
with the decoupled Ca*  and secretion in RIfs (Fig. 3¢,d,j; see Methods
for coupling coefficients). Therefore, RIBs are deficient in Ca**-secre-
tion coupling but not in glucose-stimulated Ca** signals per se.

SST modulates RRfs and the first phase of GSIS

SST released from islet § cells inhibits the activities of neighbouring
o and B cells?**°*' and thus might restrict islet 8 cells from secreting
insulin. To test this hypothesis, we incubated islets with the SST type
2 receptor (SSTR2) antagonist CYN-154806 or exogenous SST before
stimulation with glucose (18.2 mM) (Fig. 4a—c). Compared with the
control, islets treated with 200 nM CYN-154806 showed asignificantly
potentiated first phase of GSIS: fusion events became more spatially
homogeneous, accompanied by a reduction in the Gini coefficient
(Fig. 4a,b,d,e). Correspondingly, the number of RRBs increased after
CYN-154806 treatment, whereas their secretory abilities remained
unaltered (Fig. 4f,g). Moreover, although CYN-154806 treatment did
notincrease RRf synchronization, islet  cells responded more read-
ily and synchronously to glucose stimulation (Fig. 4h,i), which also
contributed to the pronounced first phase.

Conversely, the application of exogenous SST (100 nM) inhibited
GSIS. A markedly diminished first phase of GSIS (Fig. 4c,j) resulted
in fewer 3 cells being able to respond to glucose stimulation and in
anincrease in the Gini coefficient of the individual  cells (Fig. 4k,1).
The average exocytosis of individual RRBs after SST treatment was
not different from that of the control, despite a reduction in the first
phase and an increase in the second phase (Fig. 4m). Similarly, SST
delayed the first phase of GSIS and slightly reduced the synchroniza-
tionamong different cells (Fig. 4n,0). Thus, these loss-of-function and
gain-of-function experiments reveal the indispensable role of SST in
clamping 3 cells into RIfs.

We calculated the area occupied by each fusion event within a
Voronoi diagram to evaluate the spatial heterogeneity of exocyto-
sis (Fig. 5a,b and Methods). To compensate for the different fusion
numbers, we constructed sub-Voronoi diagrams based on randomly
truncated fusion events (400 events for CYN-154806 treatment and 150
events for SST treatment; Fig. 5c,d and Methods). CYN-154806 treat-
ment eliminated the large patches; thus, the treated islets showed a
homogeneous spatially distributed secretion (Fig. 5a,c,e,f). Incontrast,
SST treatment increased the large patches and made secretion more
spatially heterogeneous (Figs.5d and 5b,g,h). Thiswasin contrast to the
unaltered Gini coefficientin areduced subset of randomly distributed
fusion events compared with the complete set (Fig. 5i,j). By imaging
insulin secretion in islets isolated from Sst-Cre*; tdTomato™ mice, in
which & cells were labelled with tdTomato (Stdt mice), we found an
inverse relationship between the number of fusion events perislet and

the number of 6 cells within a ~15-pm volumetric scanning depth onthe
focus plane (Fig. 5k-m and Supplementary Video 3). To further inves-
tigate the effect of 6 cells on RRBs or RIps, we repeatedly stimulated
anislet with glucose in the absence (first round) or presence (second
round) of an SSTR antagonist. To our surprise, we did not observe acon-
sistentenhancement of insulin secretion by adding MK-4256 (ref. 32),
an SSTR3 antagonist, regardless of whether the islet was devoid of or
enrichedind cells. Instead, we noted anincrease in glucose-stimulated
secretion with CYN-154806 treatment in islets containing six to eight
6 cells (Extended Data Fig. 6a-c). As SSTR2 is selectively expressed in
mouse a cells®, these results suggest that § cells may indirectly inhibit
B cell secretion by directly suppressing glucagon secretion from o
cells. Asglucagon enhances [ cell secretion throughboth the glucagon
receptor (GCGR) and glucagon-like peptide-1receptor (GLP-1R)***, we
alsoinvestigated the effects of glucagon inhibition. When we synergis-
tically applied MK 0893 and Exendin 9-39 (GCGR and GLP-1R antago-
nists) along with glucose, we observed a significant reduction in GSIS
(Extended DataFig. 6d,e). Therefore, the spatially heterogeneous 3 cell
secretion may result from the combined inhibition and potentiation
effects of neighbouring 6 and a cells.

Aberrantinsulinsecretion of RRfBs in ob/ob mice

Finally, we investigated biphasic GSIS in obese (0ob/0b) mice of dif-
ferent ages. Compared with age-matched controls, ob/ob mice were
notably more overweight and exhibited poorer glucose tolerance. As
the mice aged, the discrepancies between ob/ob mice and the control
group becameincreasingly pronounced (Extended DataFig. 7). Inislets
from 4-week-old ob/ob mice, the ensemble biphasic GSIS was similar to
thatinislets from age-matched /Ins-GCaMP mice; however, islets from
adult ob/ob mice (>8 weeks) showed significantly diminished GSIS
(Fig. 6a-d). Therefore, it became necessary to use a higher-affinity zinc
dye (PKZnR-5 (ref. 28)) to detect fusion events. Nevertheless, the Gini
coefficient of ob/obislet cells was higher (0.68 in 4-week-old wild-type
ob/obislets versus 0.43 in Ins-GCaMPislets, 0.70 in adult /ns-GCaMP
ob/ob (a hybrid mouse line generated by crossing /Ins-GCaMP mice
and ob/ob mice) islets versus 0.54 in Ins-GCaMP ob/wt islets; Fig. 6e),
demonstrating more aggregating insulin secretion in space. Thus,
compared with controlislets, ob/obislets comprised fewer RRs (~26%
of islet cells in 4-week-old mice and ~27% of islet cells in adult mice;
Fig. 6f); however, their secretory capacity progressively decreased with
age. In adolescent mice, these cells secreted more insulin granules,
especially during the second phase; inadult mice, they released fewer
insulin granules in both phases (Fig. 6g).

Interestingly, in both ages, these RRPs released insulin granules
concurrently (Extended Data Fig. 8), which was defined as a ‘burst’
involving more than five or ten fusion events within a 10-s period in
4-week-old ob/ob or adult Ins-GCaMP ob/ob islets (as the number of
fusion eventsinthe first phase was 2.2-fold higher in adult /Ins-GCaMP
ob/wtislets thanin4-week-old Ins-GCaMPislets; Fig. 6h and Supplemen-
tary Video 4). In4-week-old ob/ob islets, RRpBs fired an average of ~1.5
burstsin 15 min, nearly three times more than that fired by RR3s from

Fig.4|SST clamps B cells and causes varied p cell secretions. a-c, Typical
examples of islets treated with 18.2 mM glucose (control; a) or incubated with
200 nM CYN-154806 (CYN; b) or 100 nMSST (c). Colour-coded puncta represent
fusionsites and time. d, Time-dependent fusion events inislets stimulated
with18.2 mM glucose (control, left) or incubated with CYN-154806 (right).

e.f, Gini coefficient (e) and ratio of RRPs (f) under stimulation with 18.2 mM
glucose (control) or incubation with CYN-154806. g, Exocytosis of RRBs in the
first phase, second phase and both phases. h, Distribution of the delay time
inRRPs. Centre line, median; limits, 75% and 25%; whiskers, maximum and
minimum; solid circles, outliers. i, Synchronization of RRf3s at 10-sintervals.

j, Time-dependent fusion events inislets stimulated with 18.2 mM glucose
(control, left) or incubated with SST (right). kI, Gini coefficient (k) and ratio of
RRs (I) during stimulation with 18.2 mM glucose (control) or incubation with

SST.m, Average exocytosis of RRBs in the first phase, second phase and both
phases. n, Distribution of the delay time of RR( secretion. Centre line, median;
limits, 75% and 25%; whiskers, maximum and minimum; solid circles, outliers. o,
Synchronization of RRBs at10-sintervals. Data are shown asmean + s.e.m.ind-g,
i-mand o. Significance was evaluated by a two-sided unpaired Student’s ¢ test
formean (*). P<0.05,"P<0.01, "P< 0.001and ""P< 0.0001. Exact Pvalues are
provided in Supplementary Table 1. In hand n, significance was also evaluated by
an Ftest for s.d. (#). Datasets in control for CYN-154806 included three islets from
two male mice; in CYN-154806, four islets from two male mice; in control for SST,
three islets from two male mice; in SST, three islets from two male mice.Ing, h,
mand n, RRBs consisted of 39 (CYN-154806 control) or 44 (SST control) cells for
control, 67 cells for CYN-154806, or 26 cells for SST. Scale bar =10 pm.
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control/ns-GCaMPislets (Fig. 6i). The number of granules released dur-
ing one burst was also higher from 4-week-old ob/ob RRs (Fig. 6j), and
these bursts occurred more frequently in the second phase (Fig. 6k).

In contrast, in adult /ns-GCaMP ob/ob islets, RRps fired an average of
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ob/ob mice includes decreased RR3 numbers, significantly increased
secretionbursts and a progressively reduced secretion fromindividual
RRPs with age.

To investigate the underlying mechanisms, we examined Ca*
dynamicsand secretionin adult/ns-GCaMPob/obislets compared with
age-matched Ins-GCaMP ob/wtislets (Supplementary Videos 5and 6).
Consistent with previous data (Fig. 3), RRBs and RIfs demonstrated
similar Ca® dynamics within the sameislets, regardless of whether they
were derived from control or ob/ob mice (Fig. 7a). As all 3 cells were
labelled with GCaMPé6f, we found that glucose stimulation failed to
provoke any secretions fromnearly 20% of B cellsinadult ob/obislets, a
significantly higher proportionthan that observedintheir ob/wt coun-
terparts (Fig. 7b,c). Furthermore, Ins-GCaMPob/obislets demonstrated
low-amplitude but spiked Ca?* dynamics (Fig. 7a,d,e), particularly a
decreased amplitude of Ca®* influx in the first phase, which may have
contributed to the attenuated first phase of GSIS. The burst secretion
was almost exclusively triggered by spiked Ca?* transients (Fig. 7a).
Although we have calculated burst secretions in /ns-GCaMP and adult
Ins-GCaMP ob/wt islets in Fig. 6, they showed distinct Ca** transients
(Fig. 7a). By using 50-s Ca*" traces containing all fusion events for clus-
tering by ¢-distributed stochastic neighbour embedding (¢-SNE), we
categorized Ca®* dynamics associated with fusion events into three
types: constant, increasing and spiked Ca?* transients (Fig. 7f-h). In
contrast to Ins-GCaMP ob/wt islets, nearly 74% of fusion events were
triggered by spiked Ca** transients in Ins-GCaMP ob/ob islets (Fig. 7i);
however, the secretory ability at high coupling coefficients was reduced
ingeneral (Fig. 7j). This suggests an adaptation by ob/ob islets to meet
theincreased insulin demand accompanying the decrease in the first
phase. Insummary, areduced number of RRs, a transition from con-
stant to spiked Ca** dynamics, and a progressive diminishmentin Ca**
transients and insulin secretion from RRfs constitute the distinctive
characteristics of GSIS in ob/ob islets.

Discussion

Regarding heterogeneous glucose-stimulated Ca* signals in islet
B cells, the function of early-responder [ cells has been intensely
debated®**%, Some propose a disproportionate influence of these
cells compared with other B cells within the islet'*", whereas oth-
ers demonstrate that they are dispersible from glucose-evoked Ca**
responsesinislets**, However, we show that insulin secretion is criti-
cally controlled not by the heterogeneous Ca*' kinetics in individual
B cells per se but by the efficiency of stimulation-secretion coupling
(Fig. 3). Additionally, despite a considerable overlap between ‘leader
cells” and first-responder cells’ within RRs, they represented only
asmall proportion of RRBs (Extended Data Fig. 5). The decoupling
of Ca*" and secretion in islet RIBs also underscores the necessity of
directly detecting insulin secretion rather than indirectly evaluating
B cell function using surrogates such as Ca*" and redox states''*", The
glucose-refractory RIBs can be mobilized by relieving SST inhibition.
SST released from § cells is facilitated by urocortin 3 coreleased with
insulin from B cells*, and this corelease exhibits dynamic changes

during disease progression in several diabetic mouse models*’. Thus,
6 cells and SST secretion may have arole in disease progression. In
adultob/ob mice, the notably diminished GSIS was attributed tobotha
decreaseinthe number of RRfs and their diminished secretory capacity
(Fig. 6). Thelatter was due to the combination of reduced Ca* transients
and changed patterns, as well as a decrease in the coupling (Fig. 7). As
the local SST tone is reduced in type 2 diabetes®*, the significantly
increased glucose-refractory behaviour of RIps in ob/ob mice may
be attributed to an autonomous failure of 3 cells. These data suggest
that the heterogeneity in the secretory capacity of islet 3 cells may
determine the GSIS status under both healthy and diseased conditions.

Although two-photon imaging has been used to visualize insulin
secretion within islets?>?, our method is more accurate and sensitive.
Inaddition tospecifically highlighting the exocytosis of zinc coreleased
withinsulingranules*, we detected more than ~800 fusion events (using
FluoZin-1) during 15 min of stimulation with an elevated glucose concen-
tration (18.2 mM)—more than16-fold higher than that detected using the
two-photon method*?, Only by visualizing many fusion eventsinislets
cantheensemble evoked exocytosis recapitulate the kinetics measured
by ELISA (Fig. 2b) and match the previously measured insulin secretion
from therat pancreas (compare Fig. 2b with Fig. 2 in ref. 25).

Inadditionto thereliable reconstruction of ensemble GSIS traces,
our method permits assessing the contributions from individual §
cells, which is beyond the detection of insulin secretion with ZIMIR (a
cellsurface-targeted zincindicator for monitoring induced exocytotic
release)*”. Thus, we identified an exponential distribution of insulin
secretion from [ cells within the islet, and 40% of  cells activated by
glucose contributed to most of the insulin secretion in the first and
second phases of GSIS. The amplitude of the first phase of GSIS is deter-
mined mainly by RRBs in the islet, which are maximally mobilized and
synchronized at glucose concentrations >18.2 mM. In contrast, the
second phase of GSIS involves sustained exocytosis from RRf3s, which
might correspond to the continuous replenishment of the RRP vesicles
postulated in the classical model*. In this regard, an even higher glucose
concentration (29.2 mM) might replenish the vesicle pool more effec-
tively, leading to more sustained exocytosis and better synchronization
of individual RRfs and enhancing the second phase of GSIS (Fig. 2I,m).

Overall, using the novelimaging method developed in this study,
we obtained an unexpected finding that RRfs within theislet, but not
the RRP in all B cells, dictate the first phase of the biphasic GSIS. Spe-
cifically, increased secretion from individual RRf3s accompanied by
areduced pool of RRf3s was observed in islets from adolescent ob/ob
mice, highlighting an early defect in the mobilization of RRps during
disease pathogenesis. With increased age, the secretion from RRBs is
reduced and contributes toimpaired GSIS. However, the present study
has some limitations. For instance, most experiments were conducted
at a glucose concentration of 18 mM, which represents a supraphysi-
ological dose. Additionally, observations were made onisolated islets
lacking microcirculation and innervation—conditions that may differ
fromthose invivo. Nevertheless, we believe that RR modulation could
reveal new potential therapeutic targets for type 2 diabetes.

Fig. 5| Pancreatic & cells shape the spatially heterogeneous insulin secretion
withinislets. a,b, Example Voronoi diagrams under 18.2 mM glucose stimulation
alone (control for CYN-154806 (CYN), 565 events; control for SST, 446 events)

or incubation with CYN-154806 (745 events; a) or SST (195 events; b). The colour
bar codes the percentage of occupied area (eachislet areais normalized to1).
¢,d, Sub-Voronoi diagram of 400 (c) and 150 (d) randomly sampled continuous
fusion events within the islets shown inaandb, respectively. e-h, Plot of the
occupied area of Voronoi patches (e, g) and sub-Voronoi patches (f, h) ina
descending ranking. i,j, Frequency distribution of Gini coefficients under each
random sampling (100 times for each islet) for control islets and islets treated
with CYN-154806 (i) or SST (j). k, Representative images of islets containing
either16 cell (left; from a female mouse, islet 1in Extended Data Fig. 6¢) or 22§
cells (right; from a female mouse, islet 6 in Extended Data Fig. 6¢) within a volume

of approximately 15-pm depth. Cyan dots represent fusion sites on the focus
plane.l, Correlation of fusion events with the presence of & cells within the islet
volume. m, Overall count of fusion events in 15 min, observed under varying

& cell distributions. Dataare shown as mean = s.e.m. in e-h (error bands) and

m (error bars). Significance was evaluated by a two-sided unpaired Student’s ¢
test for mean. "P < 0.01. Exact Pvalues are provided in Supplementary Table 1.
For datasets in a—j, control for CYN-154806 included three islets from two male
mice; control for SST, three islets from two male mice; CYN, four islets from two
male mice; SST, three islets from two male mice. Data in k-m were collected from
14 islets from four male and three female mice; for each group in m, datawere
collected from 7 islets from five mice (>5 & cells, two male and three female mice;
<58 cells, three male and two female mice). Scale bar =10 um.
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Methods

Animals

C57BL/6N mice (aged 8-10 weeks) were purchased from Beijing Vital
River Laboratory Animal Technology. Four-to 8-week-old ob/ob mice
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were purchased from GemPharmatech. Two- to 4-month-old Stdt
mice*® were a gift from X. Yu (Shandong University). Ins-GCaMP mice
(aged 2-4 months) were cross-bred from the Insi-Cre* (The Jackson
Laboratory, stock no.026801) and GCaMP6f” (TheJackson Laboratory,

Voronoi diagram

0.03
o
3
002 ¢
o,
[0]
Q.
L
001 8
g
0
Control
Sub-Voronoi diagram
0.09
o
Q
(o]
C
006 T
(0]
Q.
[}
@
003 2
s
- 0
Control SST
Voronoi diagram Sub-Voronoi diagram
012 Control 012 Control
SST . B SST
0.0 g 010
0.08 — $ 008
&
0.06 — T 0.06 —|
0
0.04 | S 004
o
O
0.02 O 002
° e R R ° I I E—
1 10 100 1 10 100
Rank of voronoi Rank of voronoi
patch size patch size
0.35
Control
0.30 SST
0.25
0.20
015 o
010
0.05
e e N
030 035 040 045 050 055 060
Gini coefficient
L m
800 800 - _**
.« ]
2 8
S 600 ., S 600 - o
> >
[ ()
= . c o)
© 400 O 400+ o
w [}
2 2
e ey
© 200 % ‘o © 20 8 o
S S
b4 v b4 g
04 . . 0 - 9
1
0 5 10 15 20 25 ¥ ¥
S
f 5 cells IR
No. o o 1(,_.,

Nature Metabolism | Volume 6 | February 2024 | 238-253

246


http://www.nature.com/natmetab

https://doi.org/10.1038/s42255-023-00962-0

a ] 900
- 600
=
3
)
z
- 300
[0]
b 4w Ins-GCaMP 4w ob/ob — Adult Ins-GCaMP ob/wt Adult Ins-GCaMP ob/ob ¢ 4w Ins-GCaMP 4w ob/ob  -@- Adult Ins-GCaMP ob/wt Adult Ins-GCaMP ob/ob
" 500
2 g0 2
o & 400
3 60 ]
c c 300 ]
S S | %E *
g 40 2 200 |
= = |
S 20 S 100 J“ F ok gk kg kkg
) S |
Z 9 = 0 [
I I I 1T I I 1T I I 1T I I 1 T T T 1 T T T 1 T T T 1 T T T 1
O O OO0 9 & OO © & OO © & » O O O 0 © & & 9O P & OO © & »
,50 %0 QQ (.30 Q>0 o_,Q (‘30 60 QO ,50 b@ O_,O ,50 60 Q’O ,50 @0 Q o9 ‘2}0 QO ,50 (-00 QO
Time (s) Time (s) Time (s) Time (s) Time (s) Time (s) Time (s) Time (s)
dw e f 9 500 4w 800 Adult
- » *kk
S 44 ER 1.0 5 *k 1.0 4 Q k. 600
5 o * 7{3 % 150 400
c 0.8 — o ° E 0.8 — k= 300 *kkk
% 3+ % [) -g o a A Kk
2 ° M o | g o 8 o ® o * = —
b 5 | L 06 of 20 §Z 0677 L 2 100 - 200
o 2+ o ko 8 [} o 20 5 o NS
g 5 o o o S 04 sS04 [ 5 R
o B = ® >3 k]
- .| 7° ® L o £ 55 3 S 50 100
o 1 B o o, 0] a2 =
8 go , 4 0 o B ° 02+ S 02 [, = —
= 7 @ 8 8 @ o == i [—
z Xl 5 Lg e g -~ = Fem Tes
S 04 0+ 0 2 07 0
S L L L L T T T T T T I T T T T
X o
o & O 3 & 4w Adult 4w Adult & & & & &
’LQ Xr‘}\ q/(‘ Xq/(\ Xq’(‘ N (1,(‘ Xr‘ﬁ\ N r\f\
& & & &
4w Ins-GCaMP 4w ob/ob ] Adult Ins-GCaMP ob/wt Adult Ins-GCaMP ob/ob 4w Ins-GCaMP 4w ob/ob [] Adult Ins-GCaMP ob/wt Adult Ins-GCaMP ob/ob
h i j vk
12 o 40 — Y 20 4
oo vV VY o i
= g0 2 2 P =0.0006 P=0.058
2 4 = S 15
c u _ [ 30 4 >
@ c 8 D = Q
> a o G —
0] 2 g g 5 1 * o]
5 ° 22 | Z 10 -
‘B = S5 20 c
=) o 4 =3 ]
B “— 5] | 3
“ 5 o
o . o S o 5
; e}
°] z - w
=z =z 10
0 - i o
T T T T 1 L R T T T ]
o 300 600 900 KPP R F &P 0 300 600 900 0 300 600 900
Mo b o Ao ot o
i PP PP * PP X .
Time (s) O3 RO O N RoR Time (s) Time (s)
S S
b§ Q,O 00 b§ Q)O 00 4w Ins-GCaMP 4w ob/ob [] Adult Ins-GCaMP ob/wt Adult Ins-GCaMP ob/ob
\06 \06 \ﬂ\{’ \<\(°
S S
¥ ¥t

Fig. 6| Aberrantinsulin secretion of RRBsinob/obislets. a, Representative
examples of secretion evoked by 18.2 mM glucose in 4-week-old (4w) Ins-GCaMP
(male), 4-week-old ob/ob (male), and adult /ns-GCaMP ob/ob (female) mice and
their littermates (/ns-GCaMP ob/wt, male). Colour-coded puncta represent fusion
sites and time. b, Time-dependent histogram of fusion events in the islets shown
ina.c, Time-dependent fusion events in 4-week-old and adult islets stimulated by
18.2 mMglucose. d, Statistics of fusion events in the first phase, second phase and
both phases. e,f, Gini coefficient (e) and ratio of RRBs (f) in 4-week-old Ins-GCaMP
and ob/obislets and in adult Ins-GCaMP ob/wt and Ins-GCaMP ob/ob islets.

g, Fusion events of RRBs in the first phase, second phase and both phasesin
4-week-old Ins-GCaMP (n = 60 cells), 4-week-old ob/ob (n = 53 cells), adult
Ins-GCaMP ob/wt (n =98 cells) and adult /ns-GCaMP ob/ob (n =136 cells) islets.
Centre line, median; limits, 75% and 25%; whiskers, maximum and minimum.

h, Definition of burst release (10-s period with more than five fusion eventsin

4-week-old islets or ten fusion events in adultislets), indicated by the arrows.

ij, Violin plots showing the number of bursts per RR (i) and fusion events per
burst (j). Significance was evaluated by aMann-Whitney Utest. k, Histogram
distribution of the occurrence time of bursts. Significance was evaluated by a
Kolmogorov-Smirnov test. Data are shown as mean + s.e.m. in c-f. Significance
was evaluated by a two-sided unpaired Student’s ¢ test for mean. 'P < 0.05,
“P<0.01,""P<0.0001.Exact Pvalues are provided in Supplementary Table 1. For
datasets in c-k: 4-week-old Ins-GCaMP, n =3 islets from two male mice; 4-week-
oldob/ob, n= 4 islets from two male mice; adult Ins-GCaMP ob/wt, n = 6 islets
from three male mice and one female mouse; Ins-GCaMP ob/ob, n =11islets from
two male and two female mice. For datasets ini-k: 34 bursts from 60 cells from
4-week-old Ins-GCaMP mice, 79 bursts from 53 cells from ob/ob mice, 51 bursts
from 98 cells from Ins-GCaMP ob/wt mice and 110 bursts from 136 cells from /ns-
GCaMP ob/ob mice. Scale bar =10 pm.
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Fig. 7| Spiked Ca** transients triggered burst secretionin ob/obislets.

a, Three examples of Ca?* signals (curve) and fusion events (histogram) in RRs
and RIPs within the same Ins-GCaMP ob/wt islet (from a male mouse) or /ns-
GCaMPob/obislet (from a female mouse) stimulated with 18.2 mM glucose.

b,c, Proportion of § cells (b) and ratio of nonresponsive 3 cells to all § cells (c) in
Ins-GCaMP ob/wt and Ins-GCaMP ob/ob islets. d, Maximum amplitude of Ca* influx
inthe first phase in RRBs and RIf3s. n = 98 RRBs and 109 RIPs from 6 Ins-GCaMP
ob/wtislets; n=135RRs and 334 RIBs from 11/ns-GCaMP ob/ob islets. e, Example
of spiked Ca** signals in ob/ob islets. f,g, t-SNE plot visualized fusion eventsin
Ins-GCaMP ob/wt (n =15,823 fusion events) and Ins-GCaMP ob/ob (n = 9,588 fusion
events) islets (f), and grouped fusion events into three clusters (). h, Average

[0}
Coupling coefficient

5s 02 04 06 0.8

Ca” signals of three types of fusion events. i, Ratio of three types of fusion events
in/ns-GCaMP ob/wt and Ins-GCaMP ob/ob islets. j, Coupling coefficient of B cells
inIns-GCaMP ob/wt (n =228 cells) and Ins-GCaMP ob/ob (n = 482 cells) islets.
#and * represent the significance of the coupling coefficient and secretory
capacity, respectively. Data are presented as mean +s.e.m. (c,d, i,j) or mean +s.d.
(h). Significance was evaluated by a two-sided unpaired Student’s ¢ test for mean
(*)."P<0.05,"P<0.01, "P<0.001, ""P< 0.0001. Exact Pvalues are provided in
Supplementary Table 1. For all datasets: adult Ins-GCaMP ob/wt, n = 6 islets from
three male mice and one female mouse; adult /Ins-GCaMPob/obislets, n =11islets
from two male and two female mice.

stock no. 029626) lines. Ins-GCaMP ob/ob mice were cross-bred from
Ins-GCaMP mice and ob/ob mice, and their littermates (/ns-GCaMP
ob/wt) were used as controls. Two- to 3-month-old Glu-GCaMP mice
were cross-bred from the Glu-Cre (kindly gifted by H.Y. Gaisano from
the University of Toronto, Canada) and GCaMPéflines. The mice were
genotyped by PCR using template tail DNA, extracted with 50 mM
NaOH (for Stdt mice) or the TIANamp Genomic DNA Kit (TIANGEN,
DP304-03, for Ins-GCaMP mice). Stdt mice were genotyped with
primers (mutant forward 5-GGTACATGGATCCACTAGTTCT-3’,
wild-type forward 5-GAGGTCTGCCAACTCGAAC, common reverse
5’-AGTCAAACGCTTGCTCTT CA-3’) for SST-driven Cre recom-
binase and primers (forward 5-CACTTGCTCTCCCAAAGTCG,
wild-type reverse 5-TAGTCTAACTCGCGACACTG-3’, mutant reverse
5-GTTATGTAACGCGGAACTCC-3’) for tdTomato. The primers and
protocols for genotyping Ins-GCaMP mice are available online. All mice

were genotyped by PCR using 2x EasyTaq PCR SuperMix (TransGen).
The animals were maintained in aspecific pathogen-free animal facility
at Peking University, housed in a 12-h light/12-h dark cycle with 22 °C
temperature and 40-60% humidity, and administered water and chow
dietad libitum. The experiments were approved by the Ethics Commit-
tee of Peking University and performed at the animal facility of Peking
University, which was accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International.

Isolation and culture of mouse islets

Mice were killed by cervical dislocation, and primary islets were iso-
lated as previously described®. The islets were maintained in RPMI
1640 medium (Gibco, 11879-020) containing 8 mM glucose, 10% FBS
and 100 U penicillin-streptomycin overnight at 37 °C in an incubator
with 5% CO,.
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Glucose tolerance testin ob/ob mice

Fortheglucosetolerance test, ob/ob mice were fasted for 6 hand then
administered 1g kg™ glucose (Sigma, G7021) by intraperitoneal injec-
tion. Blood was sampled through atail nick, and blood glucose level was
measured using ablood glucose metre (Roche, Accu-Chek Active) at O,
15,30, 60,90 and 120 min after glucose administration.

Fluorescence imaging of islets

All procedures were performed at 35-37 °C. The islets were seeded on
a35-mm glass-bottom confocal dish (Cellvis, D35-14-1-N) for >24 h to
facilitate their adhesion. Before imaging, the islets were washed twice
and bathed in KRBB solution containing 125 mM NaCl, 5.9 mM KCl,
2.4 mM CaCl,, 1.2 mM MgCl,, 1 mM r-glutamine, 25 mM HEPES, 3 mM
glucose, 0.1% BSA and 8 uM Zn dye (FluoZin-1, Thermo Fisher Scientific,
F24180; PKZnR-1and PKZnR-5, synthesized by our laboratory?®) for
15-30 minuntil resting. In experiments using CYN-154806 (Tocris, 1843),
SST (Tocris, 1157) and MK 0893 (MedChemExpress, HY-50663) + Exendin
9-39 (Sigma, E7269), the islets were incubated in 3 mM glucose-KRBB
solution containing either 200 nM CYN-154806,100 nM SST or 1 uM
MK 0893 +1puM Exendin 9-39 for 15-30 min. After resting the islets,
images were acquired with a spinning-disc confocal microscope based
on a CSU-X1 Yokogawa head mounted on an inverted IX81 Olympus
microscope equipped with a x100 (NA1.30, Olympus) or x60 (NAL.35,
Olympus) oilimmersion objective lens.Images were captured either by
an electron-multiplying charge-coupled device camera (Andor iXon3
897) orascientific complementary metal-oxide semiconductor camera
(C14440-20UP, Hamamatsu, Japan). All devices were controlled by Meta-
Morphsoftware (Molecular Devices). We usually obtained recordings at
2-5minbefore stimulationand 15 or 30 min after glucose stimulation.
At the end of the stimulation, we labelled the islet plasma membrane
using 10 uMFM 4-64 (Thermo Fisher Scientific, T3166). Notably, for Stdt
mice, we usually began by imaging & cells and then observing secretion
using Zn* dye. Subsequently, we labelled the islet membrane with FM
4-64 and captured images of the cell boundaries.

For the repeat stimulation by perfusion in Fig. 2 and Extended
Data Figs. 4 and 6, the pretreatment process was similar to the above
procedure. However, after resting, islets were transferred to the perfu-
sionsystem (Extended DataFig.4a), and then the solution was changed
using a syringe and syringe pump (Harvard Apparatus). After pre-
incubating the islets in 3 mM glucose-KRBB solution for 15 min, we
recorded the basalimages and then stimulated the islets with18.2 mM
glucose-KRBB for 15 min. After the first round of stimulation, the
medium was reverted to 3 mM glucose-KRBB solution for 30 min to
reset theislets (noimagerecording), and then theislets were restimu-
lated with 18.2 mM glucose-KRBB solution. Finally, we added 10 pM
FM 4-64 to label the plasma membrane.

Semi-automatic identification and analysis of fusion events
Because we applied the membrane-impermeable Zn** dye outside the
cells, fluorescent puncta (zinc flickers) only emerged after the insulin
vesicles had collapsed into the plasmamembrane. Therefore, we used
customized software to detectincreases and decreases in fluorescence
intensities associated with discrete fusion events®. Specifically, we
selected events withincreasesin fluorescence intensity (F,) greater than
the background fluorescence (F,) by a certain ratio (R, > 1.1) as possible
fusion events. In addition, we used consecutive image subtraction to
normalize the background fluorescence intensity across the entire
field of view. We detected possible fusion events as a local increase
in the fluorescence intensity over a preset ratio (R, >2.2). Based on
these criteria, we were able to detect most fusion events, which were
manually confirmed later. Finally, we used two-dimensional Gaussian
fitting and spatiotemporal analysis to extract additional information.
The parameters mainly included the time points (appearance (T;),
brightest intensity (T,) and disappearance (73)) and spatial location
(x,y) of fusion events.

Alternatively, when fusion events were detected using PKZnR-
5, images were denoised using the deep learning-based differential
DeepCAD-RT algorithm (modified from DeepCAD-RT*¢) to adapt for
temporal leakage and signal loss. Initially, we used the original images
of fusion to train a customized DeepCAD-RT denoising model. Subse-
quently, we transformed each frame of raw data into three frames by
calculating the difference between the current and previous frames,
the difference between the current frame and the spatial-temporal
averaging of the raw data, and the difference between the current and
subsequent frames. By inputting the processed vesicle secretion data
into the trained DeepCAD-RT model, we effectively reduced noise and
obtained the denoised result by subtractingthe middle frame of the three
framesaccordingly. As fused vesicles exhibit a point-like shape, we lever-
aged the power of TrackMate’s LoG (Laplacian of Gaussian) operator to
perform accurate puncta recognition on a frame-by-frame basis. After
successful recognition, we used the simple linear assignment problem
trackerin TrackMate to address the inherent characteristics of vesicles,
namely running onthe membrane surface and the occasional presence of
gap-closing events due to defocusing. Toaddress these considerations,
we allowed for a seamless connection of the identified vesicles across
frames and the creation of traceable trajectories. Finally, we selected
single spots and trajectories as possible fusion events and checked all
possible fusion events individually to confirm the true fusion events.

GSIS measured by ELISA

To obtain the data shown in Extended Data Fig. 1c, 20 islets for each
group fromthe same mouse were preincubated in2 mlof KRBB solution
containing3 mMglucose for 30 minat37°C until resting and then trans-
ferred to another 200 pl of KRBB solution containing 3 mM glucose
for 5 min. The corresponding solution was collected at the O-min time
point. Theislets were transferred into 200 pl of KRBB solution contain-
ing 20 mM glucose for glucose stimulation, and 50 pl of the solution
waswithdrawnat2,5,10,20 and 30 min for the quantification of insulin.
Insulin quantification was performed using a rat/mouse insulin ELISA
kit (Millipore, EZRMI-13K) following the manufacturer’s instructions.

CCDF and exponential distribution

We used the CCDF to depict the heterogeneity of the secretory capacity
of responsive cells. In this analysis, the secretory capacity of a single
cellduringa15-minstimulation period was defined as s. The number of
cellswith asecretory capacity of swas denoted as n(s). The total number
of responsive cells from all islets was denoted as N. The total number
of fusion events across all islets was denoted as S. The number of cells
with asecretory capacity higher than swas represented as N(s). Then

+00
NGS) = f n(s)ds, (4]

and the CCDF was calculated as N(s)/N (Extended Data Fig. 2¢).

When the CCDF was plotted on a semilogarithmic graph (Fig. 2e),
italigned well with astraightline. This suggests that the CCDF adhered
closely to an exponential function:

w = e*ks.

= @

The value of the parameter k varied depending on the glucose
concentration.
By taking the derivative, the probability density function is
n(s)

N = k x eks. 3)

Gini coefficient

To calculate the Gini coefficient, we first computed the Lorenz curve
(showingtherelationship between the cumulative ratio of participating
cells and the cumulative secretion ratio). Specifically, the cumulative
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ratio of participating cells, X, and the cumulative secretion ratio, Y,
were defined as

S n(s)ds B Si%n(s)ds _ N(s) @
[en(s)ds N - N

X=X(s) =

and

Si%sx n(s)ds B Si%sx n(s)ds
S37sx n(s)ds B N

Y=VGs)= ©)

In a homogeneous system, X is proportional to Y (that is, Y= X).
However, in an exponential system, X and Y follow the relationship
Y=(1-In(X))X. The proofis shown below.

Starting from equation (5), we have

+o0 +oo
f sxn(s)ds=Yx / s x n(s)ds. (6)
s 0

Combining equation (6) with equation (2), we get

+00 +00
/ s><N><k><e"‘5ds=Y></ sx N xkxe*ds. 7)
s 0

The left side of equation (7) can be simplified as follows:

+00 +00
f sXNxkxekds = —Nx/ sdeks
S

s

+o0
=-N (s X e"<5|:°o - / e‘k5d5> ®)
s

=-Nx (s>< e*"5|:oo + i X e*"5|s+°°)
- 1 —k:
_N><<x+k)><e S,
Thus, from equations (7) and (8), we obtain
1 —ks — 1 —kx0
N><(5+ k)xe = Y><N><(O+ k)><e

(ks+1)xe ks =y

From equations (2) and (4), we can express X as

X=eks, (10)
Now, combining equations (9) and (10), we get
(1-InQO)X =Y. 1)

This shows that X nonlinearly contributes to Y. For example, 40%
of the cells contribute approximately 80% of the total release; that is

(1-1In(0.4))0.4 = 0.76. 12)

As shown in Fig. 2f, the Gini coefficient is defined as the ratio of
the area of A (the area that lies between the line of equality and the
Lorenz curve) to the area of A and B (the total area above the line of
equality), whichis

Gini = A
A+B

) ) 13)

SoYX)=XdX _ [u¥(X)dX=0.5

Gini = £
SoXdx 05

Accordingto this equation, the Gini coefficient of the exponential
distribution is a constant 0.5, independent of the parameter k. The
proofisshown below.

Starting from equations (11) and (13), we have

1 1 1

fY(X)dX:fx(l—In(x))dx:O.S/ (1-1In(x))dx?
0 0 0

1
=05 ((1—ln(x))x2|; —f xzd(l—ln(x)))
0

. 1 (14)
=05 ((1 —In ()2, + /Oxdx)
= 0.5((1=1n(0)x2l, + 052 )
= 0.75.
From equations (13) and (14), we obtain
Gini = 0.5. 15)

While determining the experimental Gini coefficient of eachislet,
weorderedthe secretory capacity of all cells within asingle islet, encom-
passing both responsive and nonresponsive cells, in a descending
sequence:s, >, >Ss; ... >S,. The total cellnumber of oneislet was defined
as Ny, and the total number of fusion events was defined as S,

Then, we calculated the cumulative ratio of participating cells,
X(n):

n
X(n) = , (16)
( ) Nislet
and the cumulative ratio of fusion events, Y(n):
n
Y(n) = Zia S ) 17)

islet

Finally, accordingto equation (13), we calculated the experimental
Gini coefficient of eachislet.

Synchronization and delay time in RRBs

The synchronization ratio was calculated as the ratio of responsive
RRps to the total number of RRBs at a given time (10-s intervals). The
delay time was defined as the time gap between theincreasein glucose
concentration and the emergence of the first fusion eventin each RR.

Ca*" amplitude, initiation speed, and coupling between
secretion and Ca*' signals
Thebasal Ca* fluorescence intensity before Ca* influxin each cellwas
denoted as F, (the corresponding time was t,), and the maximal Ca*
fluorescence intensity reached during the first phase was denoted as
Froox Time ¢, plus 20 frames was defined as t,,, and the corresponding flu-
orescence intensity was defined as F,,. The initiation speed was defined
as (F,o — Fo)/(t,o — t,). The Ca** amplitude was defined as (F,,,,, — Fo)/Fo.
For the coupling coefficient, the intensity of Ca* signals was
denoted as Ca(¢). Fusion events were discretized into 20 s per bin. The
number of fusion events was denoted as Q(t), and then the bins were
linearly interpolated to the same dimension as Ca(t). The Pearson
linear correlation coefficient between Ca(t) and Q(t) was defined as
the coupling coefficient between the Ca** signal and the secretion.
InFig. 7d, for all Ca®* traces of Ins-GCaMP ob/ob islet cells, we used
the movmin function in MATLAB to extract the basic Ca?* dynamics
and then identified the maximum value as the maximum amplitude
of the Ca** signal.

t-SNE clustering of fusion events

In Fig. 7, we extracted a total of 50 s of Ca®* traces, encompassing 25 s
before and 25 s after each fusion event, within adult /ns-GCaMP
ob/wtand ob/obislets. Following this, we used the ¢-SNE technique to
categorize these fusion-related Ca*' traces. This resulted in the traces
being grouped into three distinct clusters.
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Two-dimensional spatial heterogeneity analysis using Voronoi
diagrams

We used a Voronoi diagram (MATLAB Voronoi function) segmenting
the occupied area of each fusion event to evaluate the two-dimensional
spatial heterogeneity of vesicle fusion. Each fusion site was the centre
point of one Voronoi patch (Fig. 5a,b). Therefore, large or small Voronoi
patches indicated regions with few or many fusion events. The total
islet area was normalized to 1. As the total number of fusion events
changed under different conditions, we used sub-Voronoi diagrams
to correct the differences in exocytosis (Fig. 5c,d). Specifically, we
randomly selected 400 continuous fusion events from control islets
or islets treated with CYN-154806 or 150 fusion events from control
islets or islets incubated with SST. We next performed five rounds
of random sampling for each islet. Then, we combined all occupied
areas to create a descending ranking (Fig. 5f,h). Results obtained with
selections of sub-Voronoi diagrams were similar to those obtained
with the complete set of Voronoianalyses. Finally, to evaluate whether
random sampling alters cellular heterogeneity, we also calculated the
Gini coefficientunder each random sampling (100 times for eachislet;
Fig.5i,j) and confirmed that random sampling did not alter the overall
characteristics of the original data.

Statistics and reproducibility

Igor Pro 8.0 (WaveMetrics) was used to prepare the figures and conduct
statistical analyses. Results are presented as mean + s.e.m. unless oth-
erwise indicated in the figure legend. Each independent experiment
was performed with at least three biological replicates, and sample
sizes were determined according to those used in similar studies.
Statistical significance for two-group comparisons was tested using
either Student’s ¢ test for single Gaussian-distributed datasets or the
Mann-Whitney U test for nonsingle Gaussian-distributed datasets.
Statistical significance was defined as P < 0.05. Exact P values and
other detailed statistical information for each figure are provided in
Supplementary Table 1. *,**,**and **** were used to represent Pvalues
less than 0.05, 0.01,0.001and 0.0001, respectively.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Datasupporting the findings of this study are available in the figures
and extended data figures. Other related data are available from the
authors onreasonable request. As the originalimages contain other
information that needs to be analysed, we cannot upload all of them
toapublicly accessible repository presently. Instead, typical videos
showingour signals are provided as supplementary data. However, if
anyoneisinterested in them, original images may be requested from
the corresponding authors. Source dataare provided with this paper.

Code availability
Customcode and algorithm are availablein Methods, publications from
ourlaboratory (cited in the main text) or from the authors onrequest.
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Extended Data Fig. 1| Visualization of zinc flickers by spinning-disc confocal
microscopy. a, Schematic diagram of imaging Zn?'/insulin corelease (‘Zinc
flicker’) with spinning-disc confocal microscope. The islet was seeded on a glass
coverslip, and only a thin region above the glass coverslip (~1 um) was imaged.
b, Typicalimages of fusion events in the islet (from a male mouse) before and
after stimulation with 18.2 mM glucose for 3 min. White puncta represented
fused insulin granules labeled with fluorescent FluoZin-1. ¢, Dynamic insulin
secretion evoked by 20 mM glucose with or without FluoZin-1dye as determined
by ELISA. Data were quantified from four independent experiments from male
mice. d, Representative images of secretion (all fusion events in 15 minutes)
inislets (from male mice) exposed to 11 mM glucose, either in the absence
(Control) or presence of 250 uM diazoxide (Diazoxide). e, Averaged fusion events

600s 900s

stimulated by 11 mM glucose (Control, n = 6 islets from 3 male mice) or with
250 pM diazoxide (Diazoxide, n = Sislets from 3 male mice). f, Fusion events
before (Diazoxide) and after (glucose) removal of diazoxide treatment on the
same islet. n =3 islets from 2 male mice. Significance was evaluated by ratio
paired t test. g, Averaged fusion events detected in a-cells (n = 45 cells from
10 maleislets) and §—cells (n = 45 cells from 11 islets, mixed from male and
female mice). h-i, Representative images of secretion (15 minutes) in male
Glu-GCaMP (h) and Stdt islets (i) exposed to 18.2 mM glucose. White and cyan
circles represented a and & cells respectively. Cell membrane was coded by
mpl-inferno color. Data was expressed as mean +s.e.m.inc, e,g, and analyzed by
two-sided unpaired Student t-test, * p < 0.05, ** p < 0.01. Scale bar =10 pum.
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Extended Data Fig. 2| The complementary cumulative distribution function
of responsive cells under variable glucose stimulation. a, Frequency
histograms of secretory capacity in responsive cells under different glucose
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cumulative distribution function (CCDF, c) of secretory capacity under different
glucose stimulation. For datasets, 7 mM, 45 cells; 9.8 mM, 204 cells; 18.2 mM, 261
cellsand 29.2 mM, 97 cells, respectively.

Nature Metabolism


http://www.nature.com/natmetab

Article https://doi.org/10.1038/s42255-023-00962-0

a b c
9.8mM 18.2 mM 29.2mM
10+ 101 101
1 DY, WO N 2 S-MAMMMMW
0 0 0
101 101 101
Sl M o I\ P
0 0 0
2 104 2 104 2104
© 5 M g 5 S VL WA W N W
£ 10- : o  10-
c = (= = c -1
3 57 Al 3 57 2 31 sl Aqk
=} 0_ =} 0_ = 0_
" 10- * 10- * 10+
5- 54 5 \ , h \
0l MM 0 0

10 10 10
5 1 A 5 } 5 1 ™ A
O O 1 T 1 1 O
0 300 600 900 0 300 600 900 0 300 600 900
Time (s) Time (s) Time (s)

Extended Data Fig. 3| The synchronization of RR cells under variable glucose stimulation. a-c, Exocytosis frequency histograms of fusion events from the top
six cells stimulated by 9.8 mM (a, male), 18.2 mM (b, male) and 29.2 mM (c, male) glucose.
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Extended Data Fig. 4 | Repeated perfusion-stimulated exocytosis in mouse
islets. a, A schematicillustration of the perfusion apparatus and corresponding
experimental procedure. Created with BioRender.com. b, Representative
illustrations of insulin secretion in male and female islets under continuous
perfusion stimulation. ¢, Heatmaps showcasing the 3-cell Ca2+ dynamics within
male and female islets undergoing intermittent 18.2 mM glucose stimulations.
The color-bar indicates the fluorescent intensity within the islets. Each row

representsindividual B-cells within a singular islet. The x-axis represents the
timeframe subsequent to glucose stimulation. d. Time-dependent fusion
eventsin male and femaleislets triggered by recurring stimulation with 18.2 mM
glucose. Male, n = 6 islets from 4 mice; female, n = Sislets from 4 mice. Data

was expressed as mean + s.e.m. e. Correlations between the secretory capacity
observed during two separate glucose stimulations. Scale bar =10 pm.
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Extended Data Fig. 5| Comparison of the secretory capacity of specific cell
types with RRB cells. a, The proportion of various cell types classified based on
their Ca2+dynamicsin relation to RRf cells. b, The definition of 1st responder
cells and 2nd follower cells, along with hub cells and leader cells. The left box
presents the 1st responders and second responders; the right box portrays

hub cells and leader cells. ¢, Arepresentative functional connectivity mapina
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single male islet, with red dots symbolizing the hub cells. d, The distribution of
connection numbers for different cells within anislet; the right panel depicts
thelog-log plot shown on the left panel. The current plot indicates that the Ca2+
connectivity map does not follow the power law distribution, which would be
represented as aninverse linear relationship within the log-log plot.
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