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The mechanisms accounting for the functional changes of
a- and b-cells over the course of type 1 diabetes (T1D) de-
velopment are largely unknown. Permitted by our estab-
lished technology of high spatiotemporal resolution imaging
of cytosolic Ca2+ ([Ca2+]c) dynamics on fresh pancreas tis-
sue slices, we tracked the [Ca2+]c dynamic changes, as the
assessment of function, in isleta- andb-cells of female non-
obese diabetic (NOD)mice during the development of spon-
taneous diabetes. We showed that, during the phases of
islet inflammation, 8 mmol/L glucose-induced synchronized
short [Ca2+]c events in b-cells were diminished, whereas
long [Ca2+]c events were gradually more triggerable at sub-
stimulatory 4 and 6 mmol/L glucose. In the islet destruction
phase, the synchronized short [Ca2+]c events in a subset of
b-cells resumed at high glucose condition, while the long
[Ca2+]c events were significantly elevated already at substi-
mulatory glucose concentrations. In the a-cells, the glucose
sensitivity of the [Ca2+]c events persisted throughout the
course of T1D development. At the late islet destruction
phase, the a-cell [Ca2+]c events exhibited patterns of syn-
chronicity. Our work has uncovered windows of functional
recovery in b-cells and potential a-cells functional synchro-
nization inNODmice over the course of T1Ddevelopment.

Type 1 diabetes (T1D) is characterized by selective autoim-
mune destruction of the insulin-secreting b-cells and dys-
regulation of the glucagon-secreting a-cells within the
islets of Langerhans (1,2). To date, the mechanisms ac-
counting for the pathophysiology of b- and a-cells during
the development of T1D disease remain largely unknown.
This is, in part, due to a lack of means to adequately

preserve the inflamed and structurally damaged islets in
the T1D pancreas. The conventional methods of islet iso-
lation inevitably impose enzymatic and mechanical distur-
bances to T1D islets, resulting in systemically biased
experimental outcome that is not exclusive to T1D patho-
genesis per se (3). Moreover, owing to the spontaneous onset
of T1D, it is not possible to determine the phases of disease
progression by judging solely from the animal in vivo param-
eters. Frequently, when overt hyperglycemia manifests at the
onset of the disease within subjects with T1D, their islets
have already undergone severe immunogenic assault, and up
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• In NOD mice b-cells, 8 mmol/L glucose–induced syn-
chronized short [Ca21]c events diminish in the early
phases of islet inflammation, and long Ca21 events be-
came more sensitive to substimulatory 4 and 6 mmol/L
glucose.

• In the late islet destruction phase, the synchronized
short [Ca21]c events in a subset of b-cells resumed at
8 mmol/L glucose, while the long Ca21 events were
significantly elevated at substimulatory glucose
concentrations.

• In the a-cells, the glucose sensitivity of the [Ca21]c
events persisted throughout the course of type 1 dia-
betes development.

• a-Cell [Ca21]c events occasionally synchronize in the
islets with severe b-cell destruction.
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to 80% of b-cells have been depleted (4,5). As a result, there
is a marked gap between the onset of autoimmunity and
the onset of T1D disease, wherein the pathophysiological
changes of the a- and b-cells, to a large extent, are not
yet described. Thereby, the development of therapeutic
interventions targeting b-cell rescue and a-cell function
restoration are currently limited. Accordingly, a thorough
investigation following the islet cells functional changes
within this gap would offer valuable opportunities for
early diagnosis and prevention of the diseases.

For two decades, we have invested much effort in devel-
oping the pancreas tissue slices preparation that success-
fully circumvented one of the longstanding challenges in
properly preserving T1D islets and the intraislet cell-cell in-
teractions for pathophysiology investigations. This specific
preparation procures islets within thin pancreas tissue sli-
ces, is devoid of enzymatic and mechanical stresses inher-
ent in conventional islet isolation, and preserves islet cells
within the native cellular milieu of both normal and auto-
immune disrupted islets. Our development of the pancreas
slice preparation offered unprecedented opportunity, ini-
tially, to investigate T1D mouse islet cells via electrophysio-
logical means (3,6,7). Recently, we further extended the
application of this preparation to confocal scanning high spa-
tiotemporal resolution microscopy, enabling long-duration
tracking of [Ca21]c dynamic changes in cells within pancreas
slices (8–11).

In this study, we investigated the pathophysiology of
T1D islets by tracking the islet a- and b-cell [Ca21]c dy-
namics (up to several hundred cells) within female NOD
mice at an age window relevant to disease development.
This approach overcame the major research difficulties
stemming from the spontaneous onset of diabetes in NOD
mice. Here, we provide insights into the functional changes
of islet a- and b-cells in parallel with changes in both the
islet morphology and the in vivo parameters in NOD mice
during the progression of T1D.

RESEARCH DESIGN AND METHODS

Animals
All protocols were approved by the Federal Ministry of Ed-
ucation, Science and Research of the Republic of Austria,
Vienna, Austria (permit number 2020-0.258.669). Female
NOD mice develop spontaneous diabetes as early as 90 days
of age (�13 weeks), and, by the age of 30 weeks, the inci-
dence of female NOD mice developing overt diabetes is
80% (12). We thus used 13 female NOD mice (NOD/
ShiLtJ; The Jackson Laboratory) aged between 13 and
22 weeks, aimed at capturing the islets’ range from no im-
munogenic disturbances to full-blown islet destruction.
The NOD mice were kept on a 12:12 h light:dark schedule
in individually ventilated cages or subjected to pancreas
slice preparation. Two to six islets from each NOD mouse,
prepared in pancreas slices, were subjected to live-cell imag-
ing of [Ca21]c dynamics. This is based on the notion that
sampling two to six islets per mouse in the 13 NOD female

mice would result in a sample size of at least five islets in
each of the seven phases of T1D islet autoimmune destruc-
tion (described below). The pancreas slice preparation pro-
cedures were described previously (6,7,13) and in the
Supplementary Material.

Blood Glucose and Serum Insulin Measurements
Each NODmouse was euthanized by CO2 overdose, followed
by cervical dislocation. Blood glucose was measured from the
tail vein (glucometer; Ascensia), and serum insulin level was
measured (Insulin Ultra-Sensitive assay kits; Cisbio, Codolet,
France) fromwhole blood collected by cardiac puncture.

Dynamic [Ca2+]c Imaging
Dynamic [Ca21]c imaging was performed on a Leica TCS SP8
inverted confocal system (20×, NA 1.0). Each tissue slice was
transferred into an imaging chamber that was continuously
perfused with warm (34�C) HEPES-buffered extracellular so-
lution supplemented with various glucose concentrations.
The acquisition frequency was 20 Hz at 256 × 256 pixels
resolution and approximately 1-mm2 pixel size. Calbryte
520 AM was excited by a 490-nm line of white laser, and
emitted light was detected by a Leica HyD hybrid detector in
the range of 500–700 nm, using a photon counting mode
(Leica Microsystems, Wetzlar, Germany). Each islet [Ca21]c
dynamic recording lasted�4,500 s (�75min), which was de-
signed to complete the perfusion protocol of 4-6-8-6 mmol/L
glucose. Exposure to 4 and 6 mmol/L glucose concentrations
was 15 min, whereas the 8 mmol/L glucose condition lasted 30
min.

Analytical Procedure
Analyses of [Ca21]c recordings were described previously
(14–16). Briefly, the regions of interest (ROIs) were automat-
ically detected using custom Python scripts (Python Software
Foundation, Wilmington, DE) (Fig. 1C and D). Then, infor-
mation regarding the time profile of [Ca21]c changes, the
spatial coordinates of the ROIs, neighboring ROIs, movie sta-
tistics, recording frequency, and pixel size were sampled.
Subsequently, all the significant changes of [Ca21]c at all real-
istic time scales within each ROI were automatically distilled
and annotated as events (with z score > 3). The events were
characterized by the start time and the width at half of their
peak amplitude (half-width). According to the different pat-
terns of temporal summation of b-cell Ca21 events in a nor-
mal-like islet (Supplementary Fig. 1), we further analyzed the
Ca21 events as short (2.5- to 20-s half-width) and long
(20- to 200-s half-width) events. a-Cell Ca21 events did not
show a noticeable pattern of temporal summation (data not
shown); we thus analyzed all a-cell Ca21 events (half-width
between 2.5 and 200 s) collectively.

Network Analysis
We constructed functional networks and computed the
mean network degree of each islet from the calcium dynam-
ics in b- or a-cells, using open Python library NetworkX, in
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Figure 1—Categorization of islets along the severity of T1D diseases. (A) Schematic diagram showing islets with progressive severity of immuno-
genic assault and b-cell destruction. (B) Representative islets of each islet group immunoassayed for insulin (green), glucagon (red), and DAPI
(blue). Note the normal-like islet shown. This islet has a compact encapsulated structure, insulin- and glucagon-positive cells distributed in accor-
dance with a rodent islet, and no immune cells infiltration observed, and the dynamic Ca21 responses of the b- and a-cells within resembled those
in the other islets of the same group; hence, we concluded that the hollows shown in this islet resulted from further processing of the tissue for im-
munoassays, and have included this islet in the normal-like group. (C andD) ROIs (in red) representing b-cells (C) and in a-cells (D).
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two steps. First, correlations c(i,j) for all pairs (i,j) of cells are
obtained from recorded time series of calcium activity, and
then these correlations are compared with the chosen
threshold value c0 (0.8 and 0.35 for b- and a-cell collec-
tives, respectively [14]) . If correlation of a cell pair (i,j)
exceeds the threshold value, c(i,j,t) > c0, the link (i,j) is
placed in the network between the nodes representing
this cell pair.

Immunoassays and Antibodies
After [Ca21]c imaging, each pancreas slice was collected for
immunoassays. Briefly, slices were fixed with 4% parafor-
maldehyde, permeabilized with 0.3% Triton X, treated with
primary rabbit anti-insulin (1:100 dilution, ABclonal) and
mouse anti-glucagon (1:200 dilution, Invitrogen) antibod-
ies, and then stained with secondary antibodies (1:500 di-
lution; goat anti-mouse DyLight 550, and anti-rabbit IgG
Alexa 647). To assess the morphology of the islets and the
severity of islet immune cell infiltration, we counterstained
the slices with DAPI (0.1 mg/mL in PBS).

The pancreas slices were imaged with a confocal micro-
scope (Nikon A1R), excited with 405-, 561-, and 640-nm la-
sers and detected at 425–475 nm (DAPI), 570–620 nm
(DyLight 550), and 663–738 nm (Alexa 647) using GaAsP
photomultiplier tube (PMT) detectors. The excitation cross
talk was minimized by sequential scanning. Images cap-
tured from the slices were used to confirm the localization
of a- and b-cells by overlapping the glucagon- and insulin-
positive area with the ROIs, created by customed Python
scripts, in the [Ca21]c recordings. We estimated the overall
overlap between the functional and morphological colocali-
zation to be about 80%, taking into account interferences
that may occur because of further processing of tissue sli-
ces for immunoassays.

Morphological Classification of the Islets
All islets sampled from the 13 NOD mice were examined
blindly by two observers (Y.-C.H. and S.P.) and indepen-
dently from the mouse of origin, then categorized into
groups of increasing severity of islet destruction following a
predefined classification adapted from previous studies (5,17):
normal-like, compact islet architecture and no detectable im-
mune cells in and around the islet; focal to peripheral insulitis
(FPI), only focal or few immune cells around the islet; strong
FPI, extensive immune cells infiltrating around the islet, but
preserved compact insulin antibody-stained area in the islet;
destructed islets with invasive insulitis (DII), extensive immune
cells surrounding and infiltrating the islet, and less than 50%
of b-cell loss as estimated by the insulin-positive area; DII at
late stage (DII LS), extensive immune cells surrounding and in-
filtrating the islet, and more than 50% of b-cell loss as esti-
mated by the insulin-positive area in the islet; near complete
destruction of b-cells (compD), extensive immune cells sur-
rounding and infiltrating the islet, and more than 80% of islet
b-cells destruction; and compD with no remaining immune cells
(compD no IC), more than 80% of islet b-cell destruction, and

no more noticeable immune cells surrounding and infiltrating
the islet (Fig. 1).

Distribution of Mice According to Severity of Disease
Progression
Based on the average degree of b-cell destruction and im-
mune cell infiltration in islets of each NOD mouse, we dis-
tributed the NODmice into a disease severity spectrum (see
Fig. 6A for details), representing the pathophysiological pro-
gression of spontaneous diabetes from its onset.

Statistical Analysis
Events detected in the temporal [Ca21]c dynamic profiles of
every ROI were processed as frequency of Ca21 events
(events/min/ROI), which was then averaged across all ROIs
of b- or a-cells within an islet and expressed as mean Ca21

events frequency (events/min/ROI ± SEM). Repeated meas-
ures two-way ANOVA was conducted to compare the mean
Ca21 event frequencies at 4, 6, and 8 mmol/L glucose across
all islet groups, followed by post hoc pairwise comparisons
using the Tukey multiple comparison test. One-way ANOVA
was conducted to compare network connectivity between is-
let groups, followed by post hoc pairwise comparisons using
the Tukey multiple comparison test. Statistical significance
is indicated with asterisks, as follows: *P < 0.05; **P <
0.01; ***P < 0.001. Statistical analyses were conducted us-
ing GraphPad (GraphPad Software, San Diego, CA). All
graphics were produced using BioRender software.

Data and Resource Availability
All data generated or analyzed during this study are in-
cluded in the published article (and the Supplementary
Material). No applicable resources were generated or ana-
lyzed during the current study.

RESULTS

The results present the analyses of [Ca21]c dynamic videos
of 45 islets from 13 female NOD mice categorized into the
seven phases along the pathological progression of T1D is-
let destruction (Fig. 1 and Supplementary Table 1). Below,
the functional changes of islet b- and a-cells (Fig. 2 and
Fig. 3, respectively) during the progression of islet destruc-
tion in NODmice are described.

Diminished Synchronized [Ca2+]c Events in b-Cells of
NOD Mouse Islets at the Onset of Immune Cell
Infiltration
b-Cells in the normal-like islet group exhibited the typical
[Ca21]c dynamic responses in response to 4, 6, and
8 mmol/L glucose (Fig. 2A), similar to what we reported
in healthy C57/B6J mice (15), suggesting the function of
b-cells was not yet disturbed in this islet group. The temporal
[Ca21]c profile at 8mmol/L glucose condition comprised an ini-
tial nonsynchronized transient phase, frequently superimposed
by long [Ca21]c spike events (20 to 200 s half-width), followed
by a prolonged plateau phase that was superimposed mostly by
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short [Ca21]c events (2.5 to 20 s half-width duration) (Fig. 2A),
and these events were synchronized across the b-cells in the is-
let (Fig. 2A). The mean frequency of [Ca21]c events is summa-
rized in Fig. 4A and B and Supplementary Table 1. b-Cells in
this islet category are highly connected (Fig. 2A bottom panel
and Fig. 5A).

In the islets categorized in the FPI group, representing a
T1D pathological phase immediately after immune cells
were recruited to the islets, the short [Ca21]c events in the
plateau phases in b-cells largely disappeared, along with
notable decrease in mean degree cellular connectivity (Figs.
2B and 4A and Supplementary Table 1). The longer [Ca21]c
events, although glucose dependence persisted, exhibited a
tendency of higher responsiveness to 4 and 6 mmol/L sub-
stimulatory glucose concentrations (Fig. 4B).

As the islet inflammation in the NOD mice aggravates,
such as these islets within the strong FPI group, the b-cells
showed lowered to complete absence of short [Ca21]c
events (Figs. 2C and 4A), with a low number of connections
between b-cells (Fig. 5A). The long [Ca21]c events re-
mained elevated and were no longer glucose dependent
(Fig. 4B and Supplementary Table 1).

b-Cells in NOD Mice Exhibited a Short Window of
Functional Recovery During the Islet Destruction
Phases
Islets in DII and DII LS groups, which resemble the b-cell
destruction phases of the NOD islets, showed a transient
reappearance of the synchronized short [Ca21]c events
among the remaining b-cells (Fig. 2D–E). The b-cell mean

Figure 2—[Ca21]c dynamics in islet b-cells along autoimmune destruction. Representative islets of normal-like (A), FPI (B), strong FPI (C),
DII (D), DII LS (E), and compD (F) groups. The top horizontal panel showed a representative islet of each group, immunoassayed for insulin
(green), glucagon (red), DAPI (blue). Second panel showed ROIs of b-cells produced by our segmentation algorithm published previously
(16). Note not all insulin-positive areas in the top panel images were taken as ROIs, as some areas were less successfully loaded with the
Ca21 indicator. The third row of panels demonstrates five representative Ca21 dynamic profiles extracted from the ROIs that were filled in
green. The perfusion protocol is indicated in the bottom bar. The fourth row of panels shows raster plots encoding [Ca21]c events detected
from all ROIs in temporal sequence. The duration of Ca21 events is color-coded; navy denotes longer and yellow/green denotes shorter
events. Only events with a z score higher than three are considered statistically significant and included. The traces were rebinned to 2 Hz
(recorded at 20 Hz). The bottom row of panels shows the correlation-based functional b-cell network extracted for each islet presented
above. Node color intensity reflects the number of functional connections per cell, where black nodes are most connected cells in a 200-s
period of the plateau phase after time point 3,000 s during the stimulation in 8 mmol/L glucose.
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degree connection at the DII LS stage also increased, al-
though it did not reach statistical significance (Fig. 5).
The mean frequency of short [Ca21]c events significantly
increased when glucose concentration was elevated from
6 to 8 mmol/L glucose (Fig. 4A and Supplementary Table 1).
The long [Ca21]c events in the b-cells in DII group were read-
ily triggered at 4 and 6 mmol/L glucose conditions (Fig. 2D
raster plot, Fig. 4B, and Supplementary Table 2).

The recovery of the short [Ca21]c events in the b-cells,
however, did not persist in the compD islet group (Figs. 2F
and 4A and Supplementary Table 1). Neither did the pa-
rameters of network connectivity (Fig. 5A).

Persistent Glucose Sensitivity and Synchronized
[Ca2+]c Events in a-Cells When Spatially Clustered
At 4mmol/L glucose, a-cells in islets of the normal-like group
exhibited a mean [Ca21]c event frequency of 0.348 ± 0.111
events/min/ROI, which declined significantly when glucose
concentration was raised to 6 mmol/L (0.266 ± 0.133 events/
min/ROI; P value < 0.05). At 8 mmol/L glucose, the mean
frequency further dropped to 0.229 ± 0.129 events/min/ROI
(Figs. 3A and 4C). Remarkably, a repeated measures ANOVA

test suggested glucose concentration as a strong source of var-
iance (P value < 0.0001) contributing to the [Ca21]c re-
sponses of a-cells in all islet groups (Fig. 4C).

One notable feature within the islets categorized in the
DII LS, compD, and compD no IC groups was the occa-
sional synchronized Ca21 events among the a-cells. This
observation suggested potential cross talk between a-cells
(Fig. 3E–G), which may have resulted from the spatial ag-
gregation of a-cells due to islet remodeling that was also
evident from the images of immunoassayed islets (Figs. 2,
3, and 6). Indeed, the connectivity among a-cells was sig-
nificantly increased in the compD no IC group (Fig. 5B).

Islet Immunogenic Assault and Destruction Happened
Before Manifestation of Systemic Hyperglycemia in
NOD Mice
To this end, the functional analyses of islet a- and b-cells
during the progressive islet autoimmune destruction pro-
vided mechanistic bases allowing us to estimate the severity
of T1D development in the NOD mice used in this study.
We distributed the 13 NOD mice in order according to the
extent of T1D disease severity, which was based on the

Figure 3—[Ca21]c dynamics in islet a-cells along autoimmune destruction. The same sequential image display as in Figure 2 was adopted.
Note in E–G, synchronized Ca21 events, shown as vertical lines at same time points in the raster plots, can be occasionally observed. Some
ROIs were determined as a-cells, although not coordinated with a glucagon-positive area on the top panel, because their Ca21 responses were
similar to other a-cell ROIs and their orientations were in the islet outer layer. Also, not all glucagon-positive areas were processed into ROIs,
because of sometimes less successful loading of the Ca21 indicator in some cells. The black nodes in the bottom panel are the most connected
cells in a 200-s period after time point 0 s during the stimulation in 4 mmol/L glucose.
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islets’ overall severity of immune cell infiltration and b-cell
destruction and associated with the functional changes in
the b- and a-cells of each NOD mouse (Fig. 6A). Accord-
ingly, using this distribution of NOD mice we created in
Fig. 6A and plotted as a function of the age at which each
mouse was euthanized, we found no correlation between
these two parameters (Fig. 6B) (R2 = 0.058), confirming that
the onset of T1D is spontaneous and the severity of T1D
progression is an asynchronous event (4,5).

Next, we studied the potential association between the
distribution of the NOD mice and the serum insulin and
plasma blood glucose levels in each NOD mouse (Fig. 6C).

Hyperglycemia (indicated as 33 mmol/L, the upper limit of
the glucometer) (Fig. 6C open circles) was detected only in
the mice (mice 11–13) bearing islets with profound b-cell
loss (Fig. 6A). The rest of NOD mice (mice 1–10) exhibited
resting blood glucose levels between 5 and 8 mmol/L (Fig.
6C), although their islets were already experiencing varying
degrees of immunological assault and b-cell loss (Fig. 6A). A
profound serum insulin level was observed in one mouse
that had fallen in the middle of the disease severity spec-
trum (Fig. 6C, NOD mouse 7). Islets from this specific
mouse had severely inflamed islets, and islet destruction
had initiated (Fig. 6A, mouse 7). DAPI staining showed

Figure 4—Quantification of [Ca21]c events in a- and b-cells across all islet groups. (A) Short (half-width between 2.5 and 20.0 s) and (B) long (half-
width between 20.1 and 200.0 s) [Ca21]c events of b-cells and (C) all [Ca21]c events of a-cells (2.5–200.0 s, no segregation of short/long events as
no different trends were observed) across all islet groups in response to 4, 6, and 8mmol/L glucose were quantified into mean frequencies. Note an
extra compD no IC group in C but not shown in A, as no insulin-positive cells were found in islets within this group. Statistical significance is indi-
cated as *P< 0.05; **P< 0.01; ***P< 0.001.
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extensive immune cell infiltration in islets within this
mouse. The fact that only 1 of the 13 NOD mice exhibited a
profoundly high circulating insulin level could suggest that
the event of bursting insulin secretion from the islet b-cells
happened transiently during the progression the disease.

DISCUSSION

We demonstrated here for the first time that in the initial
phase of islet inflammation in the NOD mice, the b-cells’
typical synchronized short [Ca21]c events triggered by an
8 mmol/L glucose stimulation disappeared early, whereas
the long [Ca21]c events emerged more readily at substimula-
tory 4 and 6 mmol/L glucose conditions. b-cell connectivity
was also significantly reduced. During the active islet de-
struction phase, b-cells revealed some degree of functional
recovery, indicated by the transient reappearance of the syn-
chronized short [Ca21]c events. However, these events did
not persist, likely because of active depletion of islet b-cells.
On the other hand, the a-cell [Ca21]c events remained glu-
cose sensitive throughout different phases of T1D develop-
ment. A rather surprising finding was that in the islets with
severe b-cell destruction, occasional synchronized [Ca21]c
events were observed, and a-cell connectivity significantly
increased, suggesting potential a-cell networking activities,
which may account for the mechanism contributing to glu-
cagon hypersecretion that is clinically observed in T1D
patients.

Potential Mechanisms Underlying the Loss of Short
Ca2+ Events in b-Cells During T1D Development
In this study, since we aimed at testing fresh islets in pan-
creas slices, imaging up to six islets per NOD mouse was
maximally feasible in each experiment day. These islets have
been selected randomly from each NOD mouse in order to
best represent the overall islets condition in each mouse.

We observed overt hyperglycemia only in the NOD mice
bearing islets that underwent severe immunological assaults
and b-cell destruction. Below, we offer possible explanations
as to why most NOD mice stayed normoglycemic despite
their islets experienced varying degrees of immunogenic as-
sault and b-cell loss.

Altered Pattern of [Ca21]c Dynamics in b-Cells During
the Development of T1D
In the initial inflammatory phase, despite the loss of short
[Ca21]c events, b-cells progressively become more respon-
sive to substimulatory glucose concentrations, as the long
[Ca21]c events were readily triggered at 4 and 6 mmol/L
glucose conditions. We speculate this was a compensatory
mechanism of b-cells in order to achieve unaltered circulat-
ing insulin levels.

Dysregulated a-Cells During the Development of T1D
We did not have strong evidence to support this hypothesis,
because of larger data variation within the smaller a-cell
population in mouse islets, which limited the detection of

Figure 5—Quantification of a network connectivity among b-cells
(A) and a-cells (B) in groups of increasing severity of islet destruc-
tion. In A, note the mean degree parameter significantly reduced
when islet destruction proceeds to FPI group and onward. There is
a notable trend of increase in mean degree value in the DII LS
group, although statistical significance was not reached. In B, note
the mean degree value between a-cells significantly increased in
the compD no IC stage.
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milder changes, if any. We also failed to provide serum gluca-
gon measurements in each NOD mouse, because of a short-
age of serum collected. Considering that a- and b-cells in
the islets tightly regulate each other’s function (18), we did
observe progressive changes of pattern of both long and
short [Ca21]c events in b-cells described above. We also ob-
served one NOD mouse in the middle of the T1D severity
spectrum exhibiting an overwhelming level of circulating in-
sulin. Both evidences implied the likelihood of altered
[Ca21]c events in a-cells and the ensuing glucagon secre-
tion. We do recognize that because of the relatively small
cohort of NOD mice used in this study, we could not rule
out the possibility that the high level of serum insulin
found in only 1 of the 13 NOD mice was a technical error,
despite the experiments being conducted attentively by
highly skilled personnel.

Altered d-Cells Regulations on b-Cell Activity
A recent report suggested that altering the d-cell regulation
in a healthy islet would subsequently lead to b-cells re-
sponding to substimulatory glucose concentration (19). We
observed a similar shift of glucose sensitivity in the b-cells
in the NOD mice, giving rise to the possibility that the

b-cell [Ca21]c changes were driven by changes in d-cell
function. However, how the inflammatory milieu surround-
ing the islet causes the potential d-cell abnormality in the
NOD mice to prime b-cells to be more glucose sensitive
warrants further investigations.

Intrinsic b-Cell Changes Triggered by the Inflammatory
Milieu Surrounding the NODMice Islets
The b-cell [Ca21]c temporal profile is shaped collectively
by the Ca21 efflux from internal endoplastic reticulum
(ER) store and influx from membrane voltage-gated Ca21

channels. It is known that autoimmune assault on T1D is-
lets triggers strong ER stress in b-cells (20). Recently, we
further showed that the ER Ca21 release depends on the
activity of both ryanodine and IP3 receptors, which could
be rendered dysfunctional in autoimmune-stressed condi-
tions, that is, islets in T1D subjects, to cause an ER Ca21

leak (21). It is therefore plausible that the immune cells–
and cytokines-induced ER stresses in the b-cells during
development of T1D could have caused an improper ER
Ca21 leak, explaining why NOD mice islet b-cells have dis-
torted [Ca21]c dynamics. Alternatively, the glucose trans-
porters, Glut2, have been found to be downregulated in

Figure 6—Distribution of NOD mice along spontaneous diabetes disease progression. (A) Each column represents islets collected from one
NODmouse. Based on the mean islet morphology, severity of b-cell destruction, and immune cell infiltration, a spectrum of NODmice distrib-
uted in the order of spontaneous diabetes disease severity was created. Note that additional islets, which did not undergo Ca21 imaging ex-
periments, were included in this spectrum to help more precisely determine the disease severity of each mouse. (B) The NOD mice
distribution determined in A is plotted as a function of the age of NODmouse at euthanasia, or (C) as a function of blood glucose (circles) and
serum insulin (black bars) levels.
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the b-cells in T1D mice because of immune cells attack (4),
and serum of T1D animals caused increased [Ca21]c in
healthy mouse b-cells, owing to increased CaV1.2 and
CaV1.3 channel density and conductivity (22). Both could
be potential mechanisms indirectly or directly altering the
[Ca21]c dynamics in b-cells of NOD mice.

Finally, the b-cells exhibited a transient recovery of syn-
chronized short Ca21 events during the islet autoimmune
destructive phase. It is intriguing how b-cell functions re-
cover. As multiple studies have demonstrated that under
conditions of total b-cell ablations in islets of wild-type ro-
dents, active b-cell regeneration occurred early after injury
(23–25), we suspected that functional recovery of b-cells
was a result of b-cell mass expansion to compensate the
loss of b-cells. Indeed, increased b-cell proliferation has
been observed in the NOD mouse before diabetes onset
(26), likely triggered by the onset of autoimmunity (27).

Potential Mechanisms Accounting for the
Synchronized [Ca2+]c Events in a-Cells During the Late
Phase of Islet Autoimmune Destruction in NOD Mice
We demonstrated synchronized [Ca21]c activities among
a-cells in the islets found at the later stages of disease pro-
gression. Since gap junction expression in rodent a-cells is
still debated (28,29), it is unclear how the [Ca21]c events in
a-cells in the severely disrupted islets in NODmice become
synchronized. Moreover, the pathophysiological implica-
tion of these synchronized [Ca21]c activities is also unclear.
We summarize a few possible explanations:

1. It is known that islets in T1D mouse models remodel
actively during T1D development (4,30). This re-
modeling process could enable a-cells to aggregate
and d-cells to be in closer contact with a-cells,
thereby promoting intercellular communications be-
tween a-cells and encouraging more efficient or di-
rect regulation of a-cells by d-cells. Although we
have not investigated these possibilities, nor did we
provide evidence supporting gap junction expression
in a-cells, some, likely paracrine interactions-based,
synchronized Ca21 activity in a-cells was observed in
islets isolated from healthy mouse (18).

2. It is well-established that intercellular coupling is a clas-
sical feature of human and mouse b-cells (31,32). A
provocative hypothesis to explain the synchronized ac-
tivities among the a-cells in the disrupted islets would
be that these cells were former b-cells. Transdifferen-
tiation into glucagon-expressing cells allowed them to
escape and remain beyond the autoimmune attack dur-
ing T1D development. This hypothesis is seconded by
multiple published works (33–35).

3. Lastly, we concluded that the a-cell synchronized [Ca21]c
events were unlikely to be neuronal driven. This is based
on the facts that during the progression of T1D, both the
NODmice islets and human islets had been characterized
by early, sustained, and islet selective loss of sympathetic

nerves (36) and that the pancreas slices were acutely dis-
connected from the central (neural) regulations.

Limitation of the Study
To date, the technologies currently available do not permit a
longitudinal follow-up of islets function over the natural
course of T1D development. As such, we randomly sampled
“snapshots” of functional characteristics of islets across an
age window wherein the female NOD mice are known for
progressive diabetes development. A post hoc reconstruc-
tion of the sequence of progressive islet destruction in paral-
lel with the functional characteristics we revealed in islets
mimicked a “longitudinal” study of the changes of islet
a- and b-cell functions along the evolution of islet destruction.

We have included herein a random sample of 45 islets from
13 NOD mice. From our experience, the islets of each NOD
mouse, as confirmed in the current study (Supplementary
Fig. 2), contribute to two or three out of the seven pathological
stages of islets destruction during T1D development. There-
fore, the random sampling of two to six islets from a total of
10–15 mice would provide enough islets for each stage to be
represented at least five times. With this experimental setting,
islets with the least (normal-like) to the most (compD no IC)
immunogenic disturbances, namely, from onset to full-blown
b-cell destruction, had been identified, confirming that our
chosen size of islets and animals was able to cover the entire
spectrum of the disease progression. Nonetheless, our experi-
mental setting did not permit us to exclude the possibilities
that the islets harboring functionally recovered b-cells were a
distinct group of islets that had different starting islet charac-
teristics, or had resisted the immunological attack, or had un-
dergone a pathological islet destruction paradigm different
from the destruction sequence defined by islet morphological
parameters. To better appreciate our findings, future larger-
scale characterization of a greater number of islets from a big-
ger mouse cohort will help to decipher in finer detail the
changes of a- and b-cell function and to encompass the diver-
gent pathological pathways of islet destruction within a T1D
diseased pancreas.

Our study tracking the a- and b-cell [Ca21]c dynamics dur-
ing the natural progression of spontaneous diabetes in the
NOD mice has provided a detailed overview of the temporal
progression of a- and b-cell dysfunctions. We uncovered
windows of potential b-cell functional recovery and a-cell
synchronization in the islets in NOD mice during T1D devel-
opment, which would be instrumental for future development
of interventional therapies targeting rescue, regeneration, or
replenishment of b-cells and amending dysregulated a-cells,
allowing T1D patients to better control glycemia.
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