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Current methods of monitoring insulin secretion lack the required
spatial and temporal resolution to adequately map the dynamics
of exocytosis of native insulin granules in intact cell populations in
three dimensions. Exploiting the fact that insulin granules contain
a high level of Zn2+, and that Zn2+ is coreleased with insulin during
secretion, we have developed a fluorescent, cell surface-targeted
zinc indicator for monitoring induced exocytotic release (ZIMIR).
ZIMIR displayed a robust fluorescence enhancement on Zn2+ che-
lation and bound Zn2+ with high selectivity against Ca2+ and Mg2+.
When added to cultured β cells or intact pancreatic islets at low
micromolar concentrations, ZIMIR labeled cells rapidly, noninva-
sively, and stably, and it reliably reported changes in Zn2+ concen-
tration near the sites of granule fusion with high sensitivity that
correlated well with membrane capacitance measurement. Fluo-
rescence imaging of ZIMIR-labeled β cells followed the dynamics
of exocytotic activity at subcellular resolution, even when using
simple epifluorescence microscopy, and located the chief sites of
insulin release to intercellular junctions. Moreover, ZIMIR imaging
of intact rat islets revealed that Zn2+/insulin release occurred
largely in small groups of adjacent β cells, with each forming a “se-
cretory unit.” Concurrent imaging of ZIMIR and Fura-2 showed
that the amplitude of cytosolic Ca2+ elevation did not necessarily
correlate with insulin secretion activity, suggesting that events
downstream of Ca2+ signaling underlie the cell-cell heterogeneity
in insulin release. In addition to studying stimulation-secretion
coupling in cells with Zn2+-containing granules, ZIMIR may find
applications in β-cell engineering and screening for molecules reg-
ulating insulin secretion on high-throughput platforms.
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The proper regulation of insulin secretion is essential for
maintaining the normal homeostasis of blood glucose (1). To

understand better how insulin secretion becomes impaired in
pancreatic islet β cells in diabetes, there is increasing interest in
studying how the mechanisms that govern insulin release are
regulated (2). Techniques that can track the dynamics of regu-
lated secretion with high sensitivity and high spatial and tem-
poral resolution would be invaluable for such studies (3, 4).
Monitoring insulin release at the cellular level was made pos-

sible with the development of electrophysiological approaches,
including amperometry (5) and measurement of membrane ca-
pacitance (6). Although these techniques provide remarkable
temporal resolution, they are very limited in spatial aspects of
insulin release, are applicable only to a single cell at a time, and
can disrupt plasma membranes. To track the location, amplitude,
duration, and frequency of insulin secretion at cellular and sub-
cellular levels, fluorescence imaging offers numerous advantages,
including high spatial and temporal resolution, superb sensitivity,
and noninvasiveness, provided that fluorescent probes for moni-
toring the secretory activity of pancreatic β cells can be developed
(3, 4). Ideally, such probes should be applicable to cultured cells,
dissected tissues (islets), or even intact pancreas to track the dy-
namics of insulin release in three dimensions (3D) over time.
In addition, it would be desirable to follow stimulus-secretion

coupling by imaging the release of native granules or cargos
without the requirement of expressing artificial reporters, because
such expressions could potentially perturb the biogenesis, traf-
ficking, and/or localization of native secretory granules (7, 8).
Pancreatic β cells contain high concentrations of Zn2+ in the

secretory granules, much of it coordinated with insulin (9), which
is coreleased with the hormone on stimulation (10). This phe-
nomenon has been exploited to develop experiments using the
fluorescent Zn2+ sensors Zinquin (11), FluoZin-3 (12), Rhod-
Zin-3 or Newport Green DCF (10), and ZnAF-2 (13) as a sur-
rogate for measuring insulin release (14–16). However, because
FluoZin-3 or other Zn2+ sensors are applied to the extracellular
bath, the sensitivity of detecting local Zn2+ release near the
plasma membrane is compromised by the background fluores-
cence from the bulk solution. Consequently, total internal re-
flection of fluorescence (TIRF) microscopy has been applied to
FluoZin-3 or RhodZin-3 imaging to reject bulk fluorescence
signal and to study secretion at the interface between a cell and
the underlying glass coverslip (10, 16). More sensitive imaging
probes that are compatible with wide-field epifluorescence de-
tection or confocal laser scanning microscopy (CLSM) would be
extremely valuable for following the pattern or the site of insulin
release in 3D in cell populations over time.

Results
Design, Syntheses, and in Vitro Characterization of Zinc Indicator for
Monitoring Induced Exocytotic Release. To develop a robust im-
aging assay for monitoring insulin secretion and to boost the
sensitivity of Zn2+ detection near the plasma membrane, we
designed a membrane-anchored fluorescent Zn2+ indicator, zinc
indicator for monitoring induced exocytotic release (ZIMIR;
Fig. 1). ZIMIR consists of three moieties: a fluorophore based
on fluorescein, a Zn2+ binding motif derived from dipicolyl-
amine (17–19), and a pair of dodecyl alkyl chains for membrane
tethering. In the absence of Zn2+, the fluorescence of ZIMIR is
quenched by the photo-induced electron transfer from the amino
group to fluorescein. When ZIMIR binds Zn2+, the lone pair
electrons of the nitrogen atom of 6-aminofluorescein coordinate
around Zn2+, resulting in the dequenching of ZIMIR fluores-
cence. At physiological pH, ZIMIR is an amphiphilic molecule
containing four negative charges, preventing its diffusion across
hydrophobic cell membranes by itself. This restricts the probe to
the outer leaflet of the lipid bilayer after the insertion of its two
alkyl chains into the plasma membrane. During granule exo-
cytosis and insulin secretion, the elevation of local Zn2+ concen-
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tration ([Zn2+]) is expected to be highest immediately adjacent
to the plasma membrane where ZIMIR is localized. Thus, the
fluorescence readout of ZIMIR should be highly sensitive to β
cells’ secretory activity.
We synthesized ZIMIR in a total of eight steps (Fig. S1). To

facilitate characterizing the fluorescent properties in aqueous
solutions, we also prepared a highly soluble ZIMIR homolog in
which two dodecyl alkyl chains were replaced by a pair of ethyl
groups (ZIMIR-C2, Fig. S1). The absorption maximum of
ZIMIR-C2 centered around 493 nm with an extinction coefficient
of 73,000 M−1·cm−1. At low nanomolar [Zn2+], ZIMIR-C2 was
nearly nonfluorescent [fluorescence quantum yield without Zn2+,
or Qf (0 Zn2+) = 0.0032] (Fig. 2A). Its fluorescence intensity in-
creased with [Zn2+] and reached a plateau at micromolar [Zn2+],
with an overall fluorescence enhancement of 70-fold on Zn2+

complexation [Qf (Zn
2+) = 0.225], providing a Zn2+ binding

dissociation constant of 0.45 μM (Fig. 2B). To confirm that
ZIMIR-C2 binds Zn2+ selectively against interfering divalent
cations present in physiological salines, we measured its fluores-
cence in the presence of Ca2+ and Mg2+. At millimolar concen-
trations, neither Ca2+ norMg2+ affected ZIMIR-C2 fluorescence,
nor did they affect [Zn2+]-dependent fluorescence enhancement
displayed by ZIMIR-C2 (Fig. 2C).

ZIMIR Uptake and Zn2+ Response in Live Cells. To examine the cel-
lular uptake of ZIMIR, we used a mouse insulinoma cell line,
MIN6 (20). When ZIMIR was incubated with cells at a concen-
tration of 1 μM, it rapidly adhered to the cell surface of intact living
cells (Movie S1). To test the specificity and stability of membrane
labeling, we used CLSM to follow the cellular uptake and distri-
bution of ZIMIR inMIN6 cells (Fig. S2). Within 5 min after probe
addition, there was already a clear accumulation of ZIMIR along

the plasma membrane (Fig. S2 A and B). By 20 min, the cellular
uptake of ZIMIR appeared to reach completion (Fig. S2C andD).
Subsequent repetitive washings did not change membrane fluo-
rescence intensity, suggesting strong association between ZIMIR
and membrane lipids once ZIMIR was anchored to the plasma
membrane (Fig. S2E). It is worth noting that another ZIMIR ho-
molog containing a pair of nonyl alkyl chains, ZIMIR-C9, also
showed membrane enrichment during loading but failed to adhere
to cell membranes on washing, suggesting that a minimum of two
decyl chains is required for ZIMIR to remain stably anchored in
the plasma membrane. Once taken up by cells, there was a gradual
internalization of ZIMIR into the intracellular compartments, yet
a sizable portion of ZIMIR still remained on the cell membrane
(Fig. S2F). The intracellular distribution of ZIMIR appeared to
overlap extensively with that of rhodamine-transferrin, a marker of
endocytic vesicles (21), suggesting that ZIMIR internalization may
be at least partially mediated through endocytosis (Fig. S3). We
routinely loaded cells with ZIMIR (0.5–1 μM) for ∼20 min before
washing and imaging. Further testing of ZIMIR in other β cells,
including the rat insulinoma cell line INS-1 and primary β cells
isolated from mouse, rat, or human islets, as well as in other types
of cell lines, such as HeLa, HEK-293, and COS cells, confirmed the
same cellular uptake andmembrane labeling properties, suggesting
its high efficiency of membrane labeling to be general among cul-
tured mammalian cells. Moreover, β cells labeled with ZIMIR
showed the same growth rate (Fig. S4A), comparable apoptosis
(Fig. S4B), and identical insulin secretion in response to different
secretagogues compared with unlabeled cells (Fig. S4 C and D),
suggesting that ZIMIR labeling caused very little cytotoxicity or
perturbation toward cell functions.
Membrane-anchored ZIMIR reliably reports fluctuations of

[Zn2+] in the extracellular medium. After labeling cells with
ZIMIR, we varied extracellular [Zn2+] ([Zn2+]e) from nano-
molar to micromolar levels. Intensity of ZIMIR fluorescence
along the plasma membrane displayed a stepwise increase with
incremental level of [Zn2+]e (Fig. 2 D and E). After washing out
Zn2+, membrane ZIMIR intensity declined as expected from the
reversibility of Zn2+ binding.

Epifluorescence ZIMIR Imaging of Insulin/Zn2+ Release and Correlation
with Membrane Capacitance. To image insulin/Zn2+ secretion, we
used wide-field epifluorescence microscopy and stimulated MIN6
cells with a high KCl concentration (40 mM) to depolarize the
cell membrane and to activate the voltage-operated Ca2+ chan-
nels. Subsequent Ca2+ influxes triggered insulin release and, as
expected, caused a robust enhancement in ZIMIR fluorescence
(Fig. 3 A–E and Movie S2). During the experiment, a small
amount of EDTA (10 μM) was included in the solution to chelate
the residual Zn2+ present in the physiological saline and to re-
duce the baseline signal. In β cells isolated from WT animals
(C57BL/6 mouse), successive stimulation with high glucose (17
mM), KCl (30 mM), and the ATP-sensitive K+ channel blocker
tolbutamide (0.2 mM) caused repetitive ZIMIR fluorescence
increases (Fig. 3F and Movie S3). In the case of stimulation with
the physiological secretagogue glucose, the fluctuations were
frequently highly localized at specific regions of the plasma
membrane and are likely to reflect individual (or a small number
of) exocytotic events, given the relative infrequency of these
events under these conditions (22). In contrast, β cells extracted
from mice lacking the granular zinc transporter ZnT8 (coded by
the Slc30a8 gene) (23) failed to display similar enhancements in
ZIMIR fluorescence signal following the same set of stimulations
(Fig. 3 G and H and Movie S4). ZnT8 is highly expressed on the
granular membrane of islet β cells (24), and ZnT8 KO mice
showed defects in cellular Zn2+ transport, insulin crystallization,
and the formation of dense core granules, suggesting that ZnT8
represents a key Zn2+ transporter responsible for accumulating
the ion in insulin granules (25). Consistent with these studies, the
drastically reduced ZIMIR fluorescence in response to stimuli
observed in the ZnT8 KO β cells likely reflected a much de-
creased level of granular Zn2+ content in these cells.
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Fig. 1. Design of ZIMIR. (A) Chemical structure of ZIMIR in the Zn2+-free
(nonfluorescent) and Zn2+-bound (strongly fluorescent) states. (B) Mode of
action of ZIMIR for reporting local Zn2+ elevation at the membrane surface
during exocytotic insulin granule fusion. The two lipophilic alkyl chains
(wavy lines) anchor ZIMIR to the outer leaflet of the membrane lipid bilayer.
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We next examined how the increase in ZIMIR fluorescence and
[Zn2+] on the cell membrane is related to the granule exocytosis
induced by direct membrane depolarization. To this end, we used
standard whole-cell patch-clamp configuration and monitored
changes in membrane capacitance simultaneously with respective
changes in ZIMIR fluorescence. To ensure that “full-fusion”
events dominated over partial events (“cavity recapture” or “kiss-
and-run”) (26, 27), we imposed 10 pulses of 2.5-s depolarizations,
which resulted in a dramatic increase in capacitance [Fig. S5;
corresponding to the release of 109 ± 37 granules per 10-pulse
train, assuming the single-granule capacitance of 3.5 fF (28)]. This
was followed almost immediately by an increase in ZIMIR fluo-
rescence. Judging from the proportional elevation in capacitance

and membrane ZIMIR signal, we concluded that ZIMIR imaging
provided sensitive and faithful readout of exocytotic activity of
insulin granules in β cells over a wide dynamic range.
On membrane depolarization, the ZIMIR signal increased im-

mediately and reached a plateau before it gradually declined (Fig.
3 E and F). Unexpectedly, however, the ZIMIR signal remained
elevated even after we lowered KCl concentration to the resting
level (5 mM) (Fig. S6). This prolonged elevation of fluorescence
suggested that Zn2+, once released from the insulin granules
and complexed by ZIMIR, only gradually dissociated from the
membrane-anchored probe before it escaped into the bulk solu-
tion. Because such a slow membrane dissipation of Zn2+ could
artificially lengthen the duration of the observed insulin/Zn2+

Fig. 2. Characterization of ZIMIR in vitro and in
cells. (A) Zn2+-dependentfluorescence enhancement
of ZIMIR-C2. Zn

2+ concentrations were 0 nM, 43 nM,
140 nM, 440 nM, 840 nM, 1,640 nM, and 6,440 nM
(from bottom to top). (Inset) Absorption spectrum
of ZIMIR-C2 changed little with respect to [Zn2+]. (B)
Zn2+ titration of ZIMIR-C2 as measured from its
emission at 515 nm. The solid line represents the
exponential fit. (C) ZIMIR-C2 binds Zn2+ selectively
against Ca2+ (1 mM) and Mg2+ (1 mM). All measure-
ments were performed in buffers containing 100
mM Hepes, pH 7.5, with 0.4 μM ZIMIR-C2. Mem-
brane-anchored ZIMIR reports changes of [Zn2+]e.
Example ZIMIR fluorescence images of labeled INS-1
cells (D) at different [Zn2+]es and quantification of
the average ZIMIR fluorescence intensity along the
plasma membrane [IZIMIR(PM)] (E).

Fig. 3. ZIMIR imaging of insulin/Zn2+ release. KCl-stimulated
insulin/Zn2+ release in MIN6 cells. Example images of MIN6 cells
(A, Nomarski) before (B) and after (C) KCl (40 mM) or Zn2+ (D)
addition (1 μM). Scale bar, 10 μm. (E) Time courses of ZIMIR
signal changes (F/F0) in two example regions of interest (ROIs,
indicated in D by dashed lines) along the plasma membrane. F,
fluorescence. Compared with WT β cells (F), ZIMIR responses
were greatly reduced in Znt8 KO β cells (G). (H) Average ZIMIR
responses [quantified as the area under the curve (AUC) from
ZIMIR intensity changes over the averaged baseline signal] to
different secretagogues are shown (n = 21 cells from 6 WT
mice; n = 29 cells from 6 Znt8 KO mice). TBT, tolbutamide.
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release, and could obscure resolving individual episodes of secre-
tory bursts that occur in succession, we tested whether we could
accelerate Zn2+ dissipation from ZIMIR-labeled membranes by
applying a negatively charged Zn2+ chelator, dipicolylamine N-
ethylsulfonate (DPAS; Fig. 4A). DPAS is not expected to diffuse
across cell membranes by itself. Like other dipicolylamine-based
chelators, DPAS binds Zn2+ with good selectivity against Ca2+

and Mg2+, and it chelates Zn2+ with much faster kinetics than
EDTA in physiological salines (Fig. S7). In INS-1 β cells labeled
with ZIMIR, after recording ZIMIR fluorescence in solutions
containing ∼1 μM free Zn2+, we perfused cells with a nominally
Zn2+-free solution containing only EDTA (10 μM) or with both
EDTA (10 μM) and different concentrations of DPAS. In the
absence of DPAS, membrane ZIMIR signal declined slowly on
Zn2+ washout (decaying half-lifetime = 138.7 ± 13.8 s, Fig. 4A),
likely because the EDTA–Ca2+/Mg2+ complex had to dissociate
first (a slow process with an off rate ≤ 2.8 s−1) (29) before EDTA
could complex with Zn2+. In contrast, DPAS, even at low micro-
molar concentrations, increased the rate of Zn2+ dissipation from
the plasma membrane by about one order of magnitude (Fig. 4A).
Consistent with the role of DPAS in accelerating Zn2+ dissi-

pation into the bulk solution, ZIMIR imaging in the presence of
DPAS displayed a more dynamic picture of insulin release ac-
tivity, revealing repetitive fluorescence spikes along the plasma
membranes in both cultured MIN6 cells (Fig. 4B and Movie S5)
and primary human β cells (Movie S6). Interestingly, there
appeared to be preferred sites of insulin release along the cell-
cell contacts, where pulses of insulin release were observed re-
peatedly. Whether those sites correspond to subcellular domains
that favor the formation of readily releasable pools of insulin
granules remains an interesting question for future investigation.

Confocal imaging of ZIMIR uptake and insulin/Zn2+ release in
pancreatic islets. In addition to cultured cells, ZIMIR rapidly
and noninvasively labels cells in such preparations as dissected
pancreatic islets. After loading islets with ZIMIR for 25 min, we
used CLSM to track the distribution of ZIMIR in 3D. We ob-
served that ZIMIR was taken up by cells throughout the islets,
from the mantle to the core [Fig. 5A (mouse islets) and Fig. S8
(human islets)]. In contrast, loading cells with cytosolic dyes,
such as calcein acetoxymethyl ester (calcein/AM), only labeled
cells of the superficial layers (Fig. 5B). The result confirmed that
ZIMIR readily diffused through the interstitial space to reach
interior cells, whereas calcein/AM was trapped by cells in the
outer layer and unable to penetrate any deeper. After labeling,
we depolarized cells with high concentration of KCl. A robust
and synchronized enhancement of ZIMIR fluorescence was
detected in many cells within the islet (Fig. S9 and Movie S7),
demonstrating ZIMIR’s ability to capture the dynamics of insulin
granule release in physiological preparations or tissues.
To examine the pattern and the timing of glucose-stimulated

insulin secretion (GSIS) at cellular and subcellular resolution in
intact islets, we monitored ZIMIR response by CLSM at multi-
ple confocal sections. Following glucose (20 mM) stimulation,
ZIMIR fluorescence displayed a robust enhancement in small
clusters of β cells (Fig. 6, Movie S8 showing one confocal section
and the corresponding time courses of four regions of interest,
and Movie S9 showing ZIMIR response of the same islet in 3
confocal sections 10 μm apart). These clusters of glucose-re-
sponsive β cells were scattered throughout islets and were sur-
rounded by β cells that showed little insulin secretory activity
(Movies S8 and S9). The onset of insulin/Zn2+ release among β
cells within the same cluster was synchronized; however, the
onsets of GSIS of separate responsive cell clusters of the same
islet were frequently out of sync (e.g., Fig. 6 and Movies S8 and
S9). Of the 14 rat islets examined, 10 of them displayed a re-
sponse similar to the one shown in Fig. 6 and the remaining 4
islets displayed a more synchronized ZIMIR response among
separate cell clusters (Fig. S10 and Movie S10).
In rodent islets, most β cells cluster in the islet core, which is

shelled by a mantle of other types of endocrine cells, including α, δ,
and PP cells (30). Our ZIMIR imaging thus far in isolated islets has
revealed that insulin secretion could occur both near the mantle
and in the interior of islets (Movies S7–S10). It is not clear, how-
ever, whether β cells release insulin exclusively at the homologous
cell-cell contact (β-β) or if they can also secrete hormone at the
heterologous cell-cell contact (e.g., β-α). Answers to this question
may become important in investigating the cellular organization of
secretory machinery in islets and in understanding paracrine and/
or autocrine signaling among islet cells (31). As the initial step to
address this question, we performed immunohistochemistry after
ZIMIR imaging to identify α and β cells. Correlation of glucose-
stimulated ZIMIR responses with immunohistochemical images
confirmed that GSIS occurred at both homologous and heterolo-
gous cell-cell contacts in islets (Fig. 7).

Fig. 4. DPAS accelerates Zn2+ dissipation from membranes and facilitates
revealing oscillatory activity of insulin/Zn2+ release. (A) Time courses of ZIMIR
fluorescence intensity along the plasma membrane [IZIMIR(PM)] decay after
washing INS-1 cells (initially bathed in HBS containing 1 μM Zn2+) with HBS
containing EDTA (10 μM) and DPAS (0–8 μM). (B) ZIMIR imaging of insulin/
Zn2+ release of MIN6 cells bathed in SAB containing EDTA (10 μM) and DPAS
(4 μM). Time courses of IZIMIR(PM) fluctuation of four separate regions of in-
terest (ROIs) and example ZIMIR images at different time points are shown
(a–e; arrowheads highlight local ZIMIR increases in separate ROIs at different
times). F, fluorescence. Scale bar, 10 μm.

Fig. 5. ZIMIR labels cells throughout islets. Confocal images of mouse islets
labeled with ZIMIR (A) or calcein/AM (B). Scale bar, 20 μm.
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Discussion
We describe here a unique fluorescent Zn2+ sensor, ZIMIR, that
possesses a number of salient features for imaging the dynamics
of granular Zn2+ release in intact cell populations with high
spatiotemporal resolution. Importantly, the probe can be imaged
on a simple epifluorescence microscope without the requirement
for sophisticated optical devices (e.g., TIRF microscope, multi-
photon microscope). Further, because the use of ZIMIR does
not rely on cell transfection to express a fusion protein and does
not affect cell viability or the release of the endogenous hormone
(Fig. S4), it is ideally suited for studying insulin secretion in
freshly isolated primary β cells, intact islets, and possibly even in
the intact pancreas.
In addition to pancreatic β cells, a variety of mammalian cells,

including submandibular salivary gland, prostate epithelial cells,
mast cells, and certain excitatory neurons, contain a high level of
Zn2+ in their secretory granules. On stimulation, these cells
likewise corelease Zn2+, together with other secretory granules’
contents, into the extracellular medium (32). These different
biological systems may also represent fertile areas to apply
ZIMIR or its homologs to study stimulus-secretion coupling and
Zn2+ homeostasis (33). Depending on the cell type and/or the
biological preparation, local [Zn2+] fluctuations near the cell
surface likely vary over a wide range during secretion. De-
veloping and using ZIMIR derivatives with appropriate Zn2+

affinities will certainly improve the sensitivity and the resolution
for imaging Zn2+ release in different biological systems.
We demonstrate here that ZIMIR can be used to image the

exocytotic activity of a variety of insulin-secreting cell prepa-
rations, ranging from dispersed cells to the intact islet, report-
ing changes across the entire cell surface in each case (in
contrast to TIRF microscopy) (10, 16). Each approach revealed
interesting features of the organization and timing of GSIS at
both the cellular and subcellular levels. First, we show that
within intact rat islets, β cells are heterogenous in their exo-
cytotic activity following glucose stimulation, such that only a
subpopulation of β cells displays robust secretion at any one
time. The above findings may reflect the metabolic heteroge-
neity of individual β cells (34), possibly attributable to differ-
ences in the expression of “glucose-sensing” enzymes, notably
glucokinase (35), and the heterogeneity in glucose-induced cy-
tosolic Ca2+ ([Ca2+]i) increases previously observed in 11% of
WT mouse islets (36). Interestingly, our results showed that rat
β cells manifesting robust GSIS tended to aggregate in small
clusters and that cells within individual clusters appeared to act

together as a “secretory unit” to release insulin in synchrony.
These secretory units are scattered throughout islets among
other β cells that show much weaker secretory activity; following
glucose challenge, the onset of exocytosis between individual
secretory units is frequently desynchronized. This “short-range
synchronization” in exocytotic activity contrasts with the “long-
range synchronization” in [Ca2+]i that has been reported to
occur among β cells throughout the islet in mice and humans
(37, 38). The difference suggests a disconnection between [Ca2
+]i elevation and insulin release in at least some islet β cells and
further highlights the complexity of mechanisms underlying the
heterogeneity of cellular exocytotic activity.
Second, we demonstrate that the sites of insulin/Zn2+ release

at the subcellular level include both homologous cell-cell con-
tacts (β-β) and heterologous (β-α) cell-cell contacts. By contrast,
Zn2+/insulin release was rarely observed (in cell clusters) at
other sites. In this context, our earlier use of a highly pH-sensi-
tive granule-targeted probe (NPY-Venus) (39), capable of
reporting “all” exocytotic event types [including rapid kiss-and-
run events in which only small molecules, such as ATP, γ-ami-
nobutyric acid, or H+, are released (40)], did not provide any
evidence for the localization of such transient events at cell-cell
contact points in MIN6 cell clusters. These findings lead us to
speculate that more “complete” fusion events, leading to insulin
dissolution and Zn2+ release (27), occur at different sites on the
plasma membrane from those leading to kiss-and-run (41).
To uncover further mechanisms and factors governing regu-

lated granule release, it would be desirable to establish a moment-
to-moment correlation between cellular signaling and exocytotic
activity. Combining ZIMIR with other biochemical fluorescent
probes would enable a multicolor imaging approach to determine
their spatiotemporal relationship. Our initial attempts at in-
tegrating ZIMIR and Fura-2 imaging revealed heterogeneity in
exocytotic activity when cells were depolarized to produce a fairly
uniform [Ca2+]i rise (Fig. S11 and Movie S11), suggesting that
more proximal events downstream of Ca2+ signaling may con-
tribute to variations in insulin release between cells.
Finally, recent progress in ES cell research has generated

new hope and excitement in engineering insulin-releasing β
cells for cell replacement therapy in the case of diabetes (42).
Because ZIMIR imaging can easily be applied to a population of
primary β cells to screen their insulin release activity without the

Fig. 6. ZIMIR imaging of GSIS in intact islets. (A) Confocal ZIMIR images of
an islet before (Left) and at different time points (B, a–d) after (Right)
stimulation with 20 mM glucose. (Right) Images are enlarged views of four
subareas containing four example regions of interest (ROIs) along cell
membranes that showed strong ZIMIR response. (B) Time courses of ZIMIR
fluorescence of ROI-1 through ROI-4.

Fig. 7. Islet β cells secreted insulin at both homologous and heterologous
cell-cell contacts. (A) Confocal ZIMIR image of an islet before glucose stim-
ulation. Three regions of interest (ROIs) along intercellular contacts are
shown. (B) Confocal immunohistochemical image (red, glucagon; green, in-
sulin) of the same focal plane of the same islet as in A. ROI-1 and ROI-3
correspond to α-β contacts, and ROI-2 corresponds to a β-β contact. (C) Time
courses of ZIMIR fluorescence of ROI-1 through ROI-3. Scale bar, 20 μm.
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requirement of cell transfection, it offers an efficient and con-
venient assay to screen for cell clones manifesting robust secre-
tory response or to identify compounds or genes of therapeutic
potential for treating diabetes using high-throughput platforms.

Materials and Methods
Details of synthesis and Zn2+ titration of ZIMIR, islet isolation, electrophysi-
ology, and imaging are provided in SI Materials and Methods.

Cell Culture and ZIMIR Imaging by Wide-Field Fluorescence Microscopy. For cell
imaging, we cultured cells in 35-mm Petri dishes with glass bottoms (MatTek).
To label cells with ZIMIR, cells werewashedwith a secretion assay buffer (SAB,
SI Materials and Methods). The DMSO stock solution of ZIMIR (1–2 mM)
diluted in a small volume of SAB was added to cells to a final concentration
of 1 μM. Cells were then incubated at ∼25 °C for 20 min and washed with SAB
before imaging.

To image insulin/Zn2+ secretion, we routinely included 10 μM EDTA in SAB
to chelate the residual Zn2+. In addition, DPAS (2 μM) was added to SAB in
most experiments to resolve the dynamics of oscillatory insulin release bet-
ter. To image [Ca2+]i and Zn2+ release concurrently, we loaded cells with
both ZIMIR and Fura-2/AM (2 μM) in the presence of pluronic F-127 (1 g in 10
mL DMSO) (43). During loading, DMSO was kept below 0.5% and pluronic F-
127 was less than 0.05%. Wide-field fluorescence microscopy was carried out
on inverted fluorescence microscopes as described elsewhere (44).

Islet Labeling and ZIMIR Imaging by CLSM. Rodent islets were isolated from
Sprague–Dawley rats or C57BL/6 mice after digesting exocrine tissues of
pancreas using collagenase as described in SI Materials and Methods. Iso-
lated islets were hand-picked and transferred to an imaging dish coated
with polylysine (15–30 kDa, 25 μg/mL for 5 min) and cultured overnight in
RPMI 1640 medium containing 10% (vol/vol) heat-inactivated FBS. Cells were
then incubated for another 2 h in serum-free medium and for an additional
2 h in serum-free and glucose-free medium. To image insulin release in islets,
we labeled islets with ZIMIR (2 μM) in SAB buffer (3 mM glucose) for 20 min.
Islets were then washed and imaged in SAB solution (with 10 μM forskolin)
by CLSM using an LSM510 imaging system (Carl Zeiss) and a 40× oil im-
mersion objective as described elsewhere (43).
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