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Abstract
Aims/hypothesis—IA-2 and IA-2β are dense core vesicle (DCV) transmembrane proteins and
major autoantigens in type 1 diabetes. The present experiments were initiated to test the
hypothesis that the knockout of these genes impairs the secretion of insulin by reducing the
number of DCV.

Methods—Insulin secretion, content and DCV number were evaluated in islets from single
knockout (IA-2 KO, IA-2β KO) and double knockout (DKO) mice by a variety of techniques
including electron and two-photon microscopy, membrane capacitance, Ca2+ currents, DCV half-
life, lysosome number and size and autophagy.

Results—Islets from single and DKO mice all showed a significant decrease in insulin content,
insulin secretion and the number and half-life of DCV (P < 0.05 to 0.001). Exocytosis as evaluated
by two-photon microscopy, membrane capacitance and Ca2+ currents support these findings.
Electron microscopy of islets from KO mice revealed a marked increase (P < 0.05 to 0.001) in the
number and size of lysosomes and enzymatic studies showed an increase in cathepsin D activity
(P < 0.01). LC3 protein, an indicator of autophagy, also was increased in islets of KO as compared
to WT mice (P < 0.05 to 0.01) suggesting that autophagy might be involved in the deletion of
DCV.
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Conclusions/interpretation—We conclude that the decrease in insulin content and secretion,
resulting from the deletion of IA-2 and/or IA-2β, is due to a decrease in the number of DCV.

Keywords
Protein tyrosine phosphates; Pancreatic islet; Insulin; Dense-core vesicle; Diabetes; Autophagy;
Gene knockout; Capacitance; Two-photon microscopy; Electron microscopy

Introduction
IA-2 and IA-2β are major autoantigens in type 1 diabetes [1–3]. Autoantibodies to these two
proteins appear years before the development of clinical disease and in combination with
autoantibodies to the autoantigens glutamic acid decarboxylase 65 and insulin have become
important diagnostic and predictive biomarkers [3]. Population screening showed that
individuals with autoantibodies to two or more of these major autoantigens are at a 50% or
greater risk of developing type 1 diabetes within 5 years [4–6].

Detailed studies on the properties of IA-2 and IA-2β, (also known as ICA512 and phogrin,
respectively), revealed that they are integral transmembrane proteins of dense core vesicles
(DCV) and widely distributed in neuroendocrine cells throughout the body (e.g., pancreatic
islets, adrenals, brain) [7, 8]. Both are members of the protein tyrosine phosphatase (PTP)
family, but because of two critical amino acid substitutions in the PTP domain are
enzymatically inactive with standard PTP substrates. Recent studies, however, showed that
IA-2β has low phosphatidylinositol phosphatase activity [9]. IA-2 is 979 and IA-2β is 986
amino acids in length. Both proteins are encoded by 23 exons and consist of an intracellular,
transmembrane and luminal domain. They are 74% identical in their intracellular domain,
but only 26% identical in their luminal domain. In the mouse IA-2 and IA-2β are located on
chromosomes 1 and 12, respectively [10].

To elucidate the biological properties of IA-2 and IA-2β, we made single knockout mice
lacking either the IA-2 or IA-2β genes and DKO mice lacking both genes [11–13]. Studies
on the phenotypes of these animals revealed a number of abnormalities, particularly in the
DKO mice, such as glucose intolerance, female infertility, and abnormalities in behavior,
learning and circadian rhythm [8, 14, 15]. These abnormalities were shown to be due to
alterations in the secretion of hormones and neurotransmitters.

Much of the information on how IA-2 and/or IA-2β affects the secretion of hormones and
neurotransmitters comes from in vitro experiments using hormone-secreting cell lines.
Overexpression of IA-2 in MIN6 cells was found to increase insulin content and secretion of
insulin, whereas the knockdown of IA-2 by RNAi decreased both content and secretion of
insulin [16]. A key element in the secretory process was found to be the stability of DCV.
These earlier experiments also showed that overexpression of IA-2 in MIN6 cells increased
the half-life and number of DCV. However, the effect of the knockout of IA-2 and/or IA-2β
on the number of DCV in mice has not been studied. The present experiments were initiated
to test the hypothesis that the knockout of these proteins in mice would result in a decrease
in the half-life and number of DCV and that this, in turn, would affect the content and the
secretion of insulin. We also documented alterations in the Ca2+ handling mechanisms of the
β cell in islets where IA-2/IA-2β is deleted.
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Methods
Mice

KO mice were prepared as described previously [11–13]. Because female IA-2−/−/IA-2β−/−

(DKO) mice are infertile [14], male DKO mice were bred to female IA-2−/−/IA-2β+/− mice
to generate DKO mice. Animals used in this study were produced in our institute animal
core facility. All protocols were approved by NIDCR animal care and use committee.

Islet isolation
Islets from age (3–4 months old) and gender-matched mice were isolated as described
previously [17, 18]. Briefly, mice were anesthetized by intraperitoneal injection with
ketamine (50 mg/kg). Collagenase solution (Sigma, Saint Louis, MO) was injected into the
bile duct to inflate the pancreas. After digestion, islets were manually selected and washed
in Krebs-Ringer HEPES buffer, and cultured overnight in RPMI-1640 medium (Invitrogen,
Carlsbad, CA) before further experiments.

Electron microscopy
Isolated islets were fixed, sectioned [18, 19] and analyzed at a primary beam voltage of 120
kV using a CM120 transmission electron microscope (FEI, Hillsboro, OR) and a Gatan
cooled 1k × 1k CCD camera (Gatan, Pleasanton, CA). Images were recorded with Digital
Micrograph (Gatan) and montaged to evaluate the overall organization of single cells. Each
image was quantified by three individuals. Total DCV and lysosomal numbers and the
number of DCVs below the plasma membrane were determined using NIH ImageJ.

Two-photon excitation imaging of exocytosis
Exocytosis of DCVs was visualized in living islets with a solution containing the fluid-phase
tracer sulforhodamine B (0.7 mmol/l) and two-photon excitation imaging [20, 21].
Exocytosis in response to 20 mmol/l glucose was measured within an arbitrary area (800
μm2) of the islets. Imaging was acquired at 1 Hz using an inverted, laser-scanning
microscope (FV1000 and I × 81, Olympus, Tokyo) equipped with a water-immersion
objective (UPlanApo60xW/IR; N.A. 1.2, Olympus) and a femtosecond laser (MaiTai,
Spectra Physics, Mountain View, CA). Sites of exocytosis were detected manually.

Electrophysiological studies
Details of measurements of intracellular free Ca2+ concentration [22, 23], voltage-gated
Ca2+ current [22, 23], and membrane capacitance of β cells [24] are provided in the
Supplemental Methods.

Insulin content and secretion
Groups of 25 islets on a 62-μm monofilament nylon mesh inside a 13-mm Swinnex
chambers (Millipore, Bedford, MA) were perifused at 0.5 ml/min with KRB buffer
containing 2.8 or 16.7 mmol/l glucose. Aliquots of perfusate (0.5-ml) were collected at
different times over one hour and stored at −80 °C for measurements (Insulin RIA kit,
Linco, St. Charles, Missouri). Insulin content in acidic alcohol-extracted islets was
determined by RIA. Proinsulin content was determined by ELISA with anti-mouse
proinsulin antibody CCI-17 (HyTest, Turku, Finland). Total protein level was measured by
the MicroBCA Protein Assay (Pierce, Rockford, IL).
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Cathepsin D
Two hundred freshly isolated islets were washed in Hank’s solution and dissolved by
sonication in 200 μl acetate-EDTA buffer (1.1 mmol/l EDTA, 5 mmol/l acetate, pH 5.0).
Aliquots were used to determine lysosomal enzyme activity using a Cathepsin D Assay Kit
(Sigma).

Autophagy
Islets were cultured overnight before infection with adenovirus-GFP or LC-3::GFP (gift
from Dr. Cindy Miranti). Control cells were infected with GFP alone (Ad-GFP). Islet cells
were infected for 24 h before washing and cultured for an additional 24 h.
Immunofluorescence with LC-3 antibody (Clone 4E12, MBL, Woburn, MA) was detected
by confocal microscopy (Leica TCS SP2 microscope, Wetzlar, Germany). To quantitate the
extent of autophagy, number of LC3::GFP punctate in each cell was counted using
MetaMorph software (Molecular Devices).

Results
Insulin content and secretion

To evaluate the effect of the KO of IA-2, IA-2β and both IA-2 and IA-2β on insulin content,
pancreatic islets were isolated and the amount of insulin in islet lysates was determined. As
seen in Fig. 1a, the KO of IA-2, IA-2β and both IA-2 and IA-2β resulted, respectively, in a
17%, 32% and 40% decrease in islet insulin content as compared to WT mice (p < 0.01).
The decrease in insulin content resulted in a decrease in glucose-stimulated insulin secretion.
Thus, when basal glucose was raised from 1.0 mmol/l to 16.7 mmol/l, insulin secretion from
the IA-2KO, IA-2βKO and DKO islets, measured 60 min later, was decreased by 32%,
31.5% and 57%, respectively, as compared to WT (Fig. 1b). The maximum decrease in
insulin secretion (Fig. 1d) occurred during the first 10 minutes (Phase I) as compared to the
next 50 minutes (Phase II, Fig. 1e) after raising glucose from 1.0 mmol/l to16.7 mmol/l.
Although insulin content and the total amount of insulin secreted were significantly reduced
in the KO mice, the fractional secretion of insulin (amount secreted divided by the total
amount present) was only significantly different in the DKO mice (Fig. 1c). Further analysis
showed that the fractional secretion of insulin in DKO mice was significantly lower in Phase
I (Supplemental Fig. 1a), but not in Phase II (Supplemental Fig. 1b), as compared to WT
mice.

Number of DCV
To determine whether the decrease in insulin content was due to a decrease in the number of
DCV in the β-cells, a total of 26 β cells from each of the four genotypes was evaluated by
electron microscopy using NIH ImageJ software. A marked decrease in the number of DCV
in the β cells of IA-2KO (1.48 ± 0.10 vesicles/μm2), IA-2βKO (1.52 ± 0.14 vesicles/μm2)
and DKO (0.56 ± 0.03 vesicles/μm2) mice was observed as compared to WT mice (3.15 ±
0.14 vesicles/μm2) (Fig. 2a–e) (p < 0.001). Relative number of DCVs in β cells of IA-2KO,
IA-2βKO and DKO mice below the plasma membrane (100–400 nm) were significantly
lower than that in WT (Fig. 2f). In the near docked shell (50–100 nm), the number of DCV
in the DKO mice was much lower than in the other three groups. But in the docked shell
(<50 nm), the DCV number in each of the four groups was very similar. No gross
abnormalities were found in vesicle morphology or their degree of filling with cargo.

DCV exocytosis
Two different methods were used to compare exocytotic events in KO and WT mice. The
first method employed two-photon microscopy to image the fluorescent dye sulforhodamine
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B, which in principle is only taken up by β cells during exocytosis due to the opening of
DCV fusion pores (Fig. 3a). Red spots corresponding to DCV are then only briefly
visualized when the DCV membrane fuses with the plasma membrane, after which the red
spots disappear [20]. The number of transient fluorescent spots, which represent the
occurrence of exocytosis, is then counted after stimulation with glucose. As seen in Fig. 3b,
by this method exocytotic events were reduced by approximately 80% in the DKO mice as
compared to WT (p < 0.01).

The second method used to assess exocytosis involved monitoring changes in membrane
capacitance in single mouse β cells using the patch clamp technique. Under voltage clamp
condition, and with high glucose (11.1 mmol/l), membrane capacitance of β cells isolated
from WT mice increased following the application of brief depolarizing pulses that trigger
Ca2+ influx, and concomitantly increase DCV release. In contrast, the membrane
capacitance of β cells isolated from DKO mice was significantly decreased as compared to
the β-cells of WT mice (p < 0.05). β-cells from IA-2KO and IA-2βKO mice also showed
decreased capacitance compared to β cells from WT mice. A summary of these results is
shown in Fig. 3d. Decreased capacitance is consistent with the reduced insulin content of
islets of the knockout mice, and a reduced number of DCV. Thus, it appears that not only is
insulin content decreased and the numbers of DCV reduced, but this reduction extends to the
readily releasable pool of granules which are secreted early on and which are mainly
assayed by the capacitance technique we used.

Previously we suggested [25] that the deletion of both IA-2 and IA-2β had only a mild
impact on intracellular [Ca2+]i In the present study we measured changes in intracellular
[Ca2+]i in islets from WT, IA-2KO, IA-2βKO and DKO mice (representative tracings are
shown in Fig. 4). In the WT islets, [Ca2+]i was low and stable in 2.8 mmol/l glucose, the
basal condition, but then increased to an early peak followed by regular oscillations when
glucose was raised to 11.1 mmol/l. In islets from IA-2KO, IA-2βKO and DKO mice, the
amplitude of the initial [Ca2+]i peak at high glucose was reduced. Thus, while there was an
89.9 ± 4.6 % increase in [Ca2+]i in WT islets, this increase was reduced to 66.6 ± 7.81%, 59
± 4.3% and 38.2 ± 5.4% in the IA-2KO, IA-2βKO, and DKO mouse islets, respectively (n =
11–18; p < 0.05 vs. WT for all groups). Although islets obtained from all of the mice
showed [Ca2+]i oscillations in 11.1 mmol/l glucose, the steady-state frequency of these
oscillations was significantly greater in the WT as compared to the DKO mice. Also in the
steady state, baseline-subtracted peak [Ca2+]i trended towards lower values in KO vs. WT
islets, with changes in ratio being 0.47 ± 0.03 vs. 0.54 ± 0.05, respectively (mean ± SEM; n
=17–25 islets), although these differences were not significant (p>0.05).

To assess whether these changes in [Ca2+]i or possibly secretion might reflect reduced
activation of voltage dependent Ca 2+ currents in β-cells from the KO animals, we measured
Ca2+ currents in isolated β-cells using standard approaches [23]. In mouse beta cells, most of
the Ca2+ influx coupled to insulin granule release is mediated by dihydropyridine-sensitive
or ‘L-type’ Ca2+ channels, although other Ca2+ channels also contribute to the total Ca2+

influx [26–28]. We found that β-cell Ca2+ currents were substantially decreased in
amplitude in the DKO β-cells as compared to the single KOs or WT mice (Fig. 4b). These
results suggest that reduced Ca2+ influx likely contributed to the reduced initial rise in
[Ca2+]i observed in the DKO β-cells [25]. Thus, loss of IA-2 and IA-2β may decrease
secretion not only via a decrease in the number of β-cell DCV, but because reduced Ca2+

influx leads to the release of a smaller fraction of an already smaller pool of releasable
granules, reducing the exocytotic rate. This could help account for the decreased glucose-
stimulated insulin secretion seen even after normalization for decreased insulin content in
islets from DKO animals.
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Half-life of DCV
Since most of the insulin within β cells is stored within DCV, the half-life of insulin is a
surrogate of DCV stability [16]. To investigate the possibility that the decrease in the
number of insulin-containing vesicles in the KO mice was due to a decrease in the stability
of the DCV as a result of the KO of IA-2 and/or IA-2β, the half-life of insulin was
measured. As seen in Fig. 5a, the half-life of the DCV from the DKO, IA-2KO and
IA-2βKO mice was 21, 26 and 72 hours, respectively, as compare to 96 hours for the DCV
of the WT mice. The value for the WT mice is in the range reported in the literature for
other WT mice (72 to 120 hours). Thus, the half-life of DCV from the DKO and IA-2KO
mice is about one-fourth that of the WT mice. To be certain that the decreased half-life of
the DCV in the KO mice was not the result of a decrease in the biosynthesis of proinsulin,
isolated islets were pulsed with [35S]-methionine and [35S]cysteine and the level of newly
synthesized proinsulin was determined. During first 30 min, newly synthesized proinsulin
was 25%, 40%, and 60% higher in IA-2KO, IA-2βKO and DKO islets, respectively, than in
wildtype islets (Supplemental Fig. 2a). At the end of a 90–150 minute pulse, the amount of
proinsulin synthesized in the islets of the KO mice was equal to or slightly greater than the
amount synthesized in the islets of the WT mice. Transcript levels of preproinsulin gene 1
and 2 were increased ~20% in the IA-2KO and IA-2βKO islets and ~50% in DKO islets,
compared with wildtype islets (Supplemental Fig. 2b). This argues that the decreased half-
life of the DCV in the KO mice was not due to impairment in the biosynthesis of insulin.

Lysosomes
The finding that the number and half-life of DCV was significantly decreased in the KO
mice, suggested that the reduction of DCV number could be the result of accelerated DCV
degradation. To examine the effect of the KO of IA-2 and/or IA-2β on lysosomes, we
measured the number and size of the lysosomes in the WT and KO mice (Fig. 5b and 5c).
The average number of lysosomes in the β cells of IA-2KO, IA-2βKO and DKO mice as
compared to WT mice was increased 2.0 to 2.8 fold per 39 μm2 cytosolic areas (Fig. 5d).
The average size of these lysosomes in the IA-2KO, IA-2βKO and DKO β cells was
increased 3.0 to 3.7 fold as compared to the lysosomes of WT mice (Fig. 5e). In addition to
the increase in the number and size of the lysosomes, cathepsin D, a lysosomal associated
enzyme, was increased 2.2 to 2.4 fold in the KO as compared to the WT mice (p < 0.01)
(Fig. 5f).

Autophagy
To see if the decrease in the number and half-life of the DCV might be related to lysosome-
mediated destruction [29–31], β cells of WT and KO mice were examined by electron
microscopy. Fig. 6a-c showed the fusion and uptake of DCV by lysosomes. Autophagic
activity also was evaluated by quantifying the autophagic marker LC3 which conjugates to
lipid molecules on autophagic membranes. Isolated islet cells, transfected with adenovirus-
LC3-GFP, showed that LC3-GFP aggregates (punctate) were markedly increased in KO
islets (Fig. 6e-6g) as compared to WT islets (Fig. 6d). Quantitative analysis revealed a 2.8,
2.4 and 6.9 fold increase of LC3-GFP, respectively, in IA-2KO, IA-2βKO and DKO mice
(Fig. 6h). These findings indicate that autophagocytic activity is markedly upregulated in
KO islets.

Discussion
The present study shows that the KO of IA-2 and/or IA-2β results in a marked decrease in
the number of DCV in β cells and a decrease in β cell [Ca 2+]i handling. In the case of the
single KO (SKO) mice, the decrease in the insulin content of the β cells and the decrease in
insulin secretion correlate roughly with the decrease in the number of DCV. In the case of

Cai et al. Page 6

Diabetologia. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the DKO mice, the decrease in the number of DCV is proportionally greater than the
decrease in insulin content and secretion (Fig. 1 and 2). One possible explanation for the
apparent discrepancy is that undigested or partially digested granules in autophagosomes
and lysosomes, which contained some of the measurable insulin molecules, falsely inflated
the amount of insulin attributed to the vesicles.

The capacitance experiments revealed that the expected membrane changes, induced
experimentally by depolarizing pulses, were reduced in the KO β-cells. This is consistent
with the decrease in the total number of DCVs and a decrease in the number of readily
releasable vesicles. Considering that the number of the docked DCVs (<50 nm) was
essentially the same in four groups, the diminished Phase I secretion in KO β cells may in
part be secondary to the effect of the KO of IA-2/IA-2β on the Ca2+ signaling pathway.
Since insulin secretion measured from islets is the product of the number of granules
available for release and the release probability of the individual granules, secretion can be
reduced physiologically by decreasing either the number of vesicles or the rate of exocytosis
or both. In this context, it is of interest that whereas in the present study there was a
significant decrease in the fractional secretion of insulin (i.e., amount secreted divided by
total amount present) in β cells of DKO mice (Fig. 1c), no such decrease was found in our
earlier study [25]. This may be due to the fact that much older animals (13 to 18 months old)
were used in the earlier study as compared to the younger animals (4 to 6 months old) in the
present study. One possible explanation is that nearly 50% of the DKO mice die by 40
weeks of age versus few if any of the WT mice [8]. This raises the possibility that the older
DKO survivors might be more resistant to changes in insulin secretion.

Our findings also suggest that the pronounced decrease in exocytotic events in KO mice, as
determined by two photon microscopy and patch clamp capacitance measurements, is most
likely secondary to the pronounced decrease in the number of DCV. In this context, only in
the DKO mice was the amplitude of the voltage-gated L type Ca2+ current, which would be
expected to cause the release of less DCV upon β-cell stimulation, significantly reduced
(Fig. 4b). Whether this is an important contributing factor to the greater reduction of
exocytosis in the DKO mice as compared to the single KO mice remains to be determined. It
would be of considerable interest if the KO of IA-2 and/or IA-2β in turn altered Ca2+

channel activity, as vesicle proteins and Ca2+ channels are known to form a dynamic
complex in secretory cells, including β-cells, and that these can regulate the channels [32–
35]. We also found that loss of IA-2/IA-2β had a significant modulatory action on islet Ca2+

oscillations, such that the frequency of the oscillations was reduced in the DKO islets. We
also found that the initial Ca2+ level obtained on increasing glucose from 2.8 to 11.1 mM
was reduced in the KO islets, although the relationship between these changes and those in
the amplitude of the voltage-gated Ca2+ currents remains to be elucidated in detail.

Previously, we suggested that IA-2 affects the stability of DCV [16]. This was based on the
observation that overexpression of IA-2 in MIN6 cells (Fig. 7) resulted in nearly a 2-fold
increase in the half-life of the DCV and approximately a 2.5-fold increase in the number of
DCV. This in turn led to an increase in the content and secretion of insulin. However, the
effect of the knockdown in MIN6 cells or the knockout in mice of IA-2 and/or IA-2β on the
number and half-life of DCV was not determined. In C. elegans, we found that the deletion
of IA-2 homolog gene ida-1 resulted in a significant decrease in the number of DCVs in
neuronal cells, but the deletion did not have a negative effect on insulin mRNA levels or the
Stat signaling pathway [36], a possibility proposed by others [37]. The current KO
experiments in mice add strong support to the idea that IA-2 and IA-2β have a profound
effect on the stability (half-life) of DCV (Fig. 7).
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The decrease in DCV half-life appears to be the most likely explanation for the decrease in
DCV number and mechanistically may be related to the observed increase in the number and
size of lysosomes (Fig. 5). The DCV of the KO mice may be recognized by the lysosomes as
abnormal and this, in turn, could lead to their destruction by crinophagy and/or autophagy
[29–31]. However, it is possible that the abnormal DCV of the KO mice may self-destruct
and the increase in crinophagy and autophagy could simply represent an attempt by the cell
to rid itself of abnormal DCV and related degraded proteins. At the present time we cannot
differentiate between these two possibilities. Although by electron microscopy we found
evidence for both crinophagy and autophagy, the significant increase (2.8- to 6.9-fold) in the
binding of LC3:GFP (Fig. 6d–h) to islets of both SKO and DKO mice argues in favor of
autophagy by providing quantitative support for the importance of this process.

DCV are found not only in islets, but also in neuroendocrine organs throughout the body,
especially the brain. Recently we observed profound changes in the behavior, learning
ability and circadian rhythm (i.e., blood pressure, heart rate, body temperature and physical
activity) in the DKO mice [8, 15]. These changes appear to be due to a decrease in the
secretion of neurotransmitters. Although both IA-2 and/or IA-2β were initially thought to be
primarily associated with DCV, we now know that IA-2β also is present in synaptic vesicles
[8]. Thus, the findings in the DKO mice, which usually show a stronger phenotype than the
single KO mice, may be the result of alterations in both DCV and synaptic vesicles.

There are dozens of membrane and transmembrane proteins associated with DCV [38].
Based on the findings with IA-2 and IA-2β in mice and genetic association studies [39–42],
it is not unreasonable to suggest that at the human level mutations in one or more of these
many DCV proteins might lead to abnormalities (e.g., RAB27A, Griscelli syndrome [43]) in
secretory function in other disorders such as diabetes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Insulin content and glucose-stimulated insulin secretion in KO mice. (a) Insulin content in
islets of KO mice as compared to WT mice. (b) Glucose-stimulated insulin secretion
determined 60 minutes after raising the glucose level from 1.0 mmol/l to 16.7 mmol/l. (c)
Fractional secretion of insulin (amount secreted divided by the total amount present).
Glucose-stimulated insulin secretion in Phase I (d) as compared to (e) Phase II. (*) p < 0.05;
(**) p < 0.01. Data bars (mean ± SE) represent the average of 5 independent experiments,
each genotype consisting of 25 islets performed in triplicate.
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Fig. 2.
Number of DCV in WT and KO mice. Representative electron micrographs showing DCV
in β cells of (a) WT, (b) IA-2KO, (c) IA-2βKO and (d) DKO mice. (e) Analysis of DCV
from 26 β cells from each of the four genotypes (three mice per genotype). (f) Relative
density of DCVs located in 50 or 100 nm concentric shells in the first 400 nm below the
plasma membrane (PM) was plotted (n =26 β cells in each group). In the readily releasable
pool (<200 nm), the average densities of DCVs (number/μm2 ± SE) in IA-2KO (9.67 ±
0.77), IA-2βKO (9.24 ± 0.64) and DKO β cells (7.07 ± 0.44) are significantly lower than
that in WT (11.51 ± 0.64) (p < 0.05, p < 0.05, and p < 0.0001, respectively). Each electron
micrograph was quantitated by three individuals and analyzed by NIH ImageJ software. (**)
p < 0.01; (***) p < 0.001 (mean ± SE).
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Fig. 3.
Glucose-stimulated DCV exocytosis in islets evaluated by two photon microscopy. (a)
Spatial distribution of exocytotic sites in the islet cells: Left, WT, right, DKO. Scale bar, 10
microm. (b) Quantitation of insulin exocytotic events. (**) p < 0.01. (c) Single exocytic
events visualized with polar fluorescent tracer, the red fluorescence dye sulforhodamine B
(SRB). Transient red spots disappear at the moment of exocytosis and represent secretion of
insulin. Scale bar, 1 microm. (d) Mean increases in capacitance elicited by membrane
depolarization were significantly less in KO than WT mice. (*) p < 0.05. The capacitances
for each group tested were determined using 5–16 β cells. Error bars show standard error of
the mean.
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Fig. 4.
Changes in glucose-dependent islet [Ca2+]i oscillations and voltage-dependent Ca2+ currents
in WT and KO. (a) The first peak in [Ca2+]i seen upon raising glucose from 2.8 to 11.1
mmol/l was higher, and the steady-state frequency as well as the regularity of the [Ca2+]i
oscillations were greater in WT vs. KO mice. (b) Under voltage-clamp conditions, there was
also a substantial decrease in the voltage-dependent Ca2+ currents of β-cells from DKO as
compared with β-cells from SKO or WT mice. Ca2+ currents were evoked using 40 msec
clamp commands from -100 to +60 mV from a holding potential of −65 mV (see Methods).
The number of β cells used for the whole-cell calcium measurements were 10, 6, 6, and 13
for WT, IA-2KO, IA-2βKO, and DKO respectively. Error bars show standard error of the
mean.
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Fig. 5.
Half-life of DCV. (a) Islets were pulsed with [35S]-methionine and [35S]-cysteine and
chased for 96 hours. Labeled insulin was pulled down with anti-insulin antibody and the
half-life of insulin in the WT and KO islets was determined. WT vs DKO mice. (**) p <
0.01. (b, c) Lysosomes in β cells of mice. Representative electron micrographs showing a
substantial increase in the number and size of lysosomes (white arrows) in the β cells of the
DKO as compared to the WT mice. Scale bar, 100 mm. (d) Lysosome number; (e)
Lysosome size; and (f) Cathepsin D activity in the islets. (*) p < 0.05, (**) p < 0.01, (***) p
< 0.001.
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Fig. 6.
Representative elecron micrographs of β cells showing (a) fusion and (b) uptake of DCV by
lysosomes and (c) by multigranular bodies in IA-2KO, IA-2βKO and DKO mice,
respectively. Cultured islet cells from WT and KO mice (d-g) transfected with adenovirus-
LC3::GFP showing an increase in the conjugation of LC3::GFP to autophagic membranes of
the KO as compared to the WT mice. (h) quantitative analysis of LC3-GFP in each of the
genotypes. (*) p < 0.05; (**) p < 0.01.
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Fig. 7.
Effect of IA-2 on the stability of DCV. In mice, the KO of IA-2 destabilizes and decreases
the half-life of DCV. In turn, the number of DCV, the amount of insulin in β cells and its
secretion, is decreased. In MIN6 cells, overexpression of IA-2 adds stability to and increases
the half-life of DCV. In turn, the number of DCV, the amount of insulin in β cells and its
secretion is increased. Supplemental Methods
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