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Endocrine cells are continually regulating the bal-
ance between hormone biosynthesis, secretion,
and intracellular degradation to ensure that cellu-
lar hormone stores are maintained at optimal lev-
els. In pancreatic �-cells, intracellular insulin
stores in �-granules are mostly upheld by effi-
ciently up-regulating proinsulin biosynthesis at the
translational level to rapidly replenish the insulin
lost via exocytosis. Under normal circumstances,
intracellular degradation of insulin plays a rela-
tively minor janitorial role in retiring aged �-gran-
ules, apparently via crinophagy. However, this
mechanism alone is not sufficient to maintain op-
timal insulin storage in �-cells when insulin secre-
tion is dysfunctional. Here, we show that despite
an abnormal imbalance of glucose/glucagon-like
peptide 1 regulated insulin production over secre-
tion in Rab3A�/� mice compared with control ani-
mals, insulin storage levels were maintained due to
increased intracellular �-granule degradation.
Electron microscopy analysis indicated that this

was mediated by a significant 12-fold up-regula-
tion of multigranular degradation vacuoles in
Rab3A�/� mouse islet �-cells (P ≤ 0.001), which by
further electron microscopy-tomography analysis
was found to be mostly contributed by microauto-
phagic activity. This increased autophagic activity
in Rab3A�/� mouse islet �-cells was associated
with a specific decrease in islet lysosomal-associ-
ated membrane protein 2 gene expression (P ≤
0.05), at both the mRNA and protein expression
levels. Lysosomal-associated membrane protein 2
is a documented negative regulator of autophagy.
These findings indicate that the up-regulation of
degradative pathways provides secretory-defi-
cient endocrine cells with a compensatory mech-
anism for regulating their intracellular hormone
content in vivo. These data may also have implica-
tions for the �-cell’s response to diminished insulin
secretion during the pathogenesis of type 2
diabetes. (Molecular Endocrinology 21: 2255–2269,
2007)

THE PANCREATIC �-CELL has typical endocrine
cell characteristics, in that its primary polypeptide

hormone product (insulin) is packaged into large mem-
brane-bound secretory vesicles (�-granules) at the
trans-face of the Golgi complex for release via the
regulated secretory pathway (1). Most �-granules re-
side in an internal storage pool, but in response to a
physiological stimulus such as elevated blood glu-
cose, a subpopulation of these granules are trans-
ported to plasma membrane and undergo exocytosis,
resulting in the extracellular secretion of insulin (2).
Although relatively few �-granules are actually exocy-
tosed in response to glucose, the insulin secreted from

the �-cell is rapidly replenished by a specific glucose-
induced increase in proinsulin biosynthesis (3). Under
normal circumstances, i.e. after short-term glucose
stimulation (�4 h), proinsulin synthesis occurs exclu-
sively at the translational level. However, this is sup-
plemented by additional up-regulation of preproinsulin
gene transcription with chronic exposure to glucose
(�12 h) (3, 4). Despite their parallel regulation by glu-
cose, insulin production and secretion are controlled
by distinct mechanisms (3). For example, a difference
between the threshold glucose concentration required
to stimulate proinsulin biosynthesis (2–4 mM) vs. insu-
lin secretion (4–6 mM) ensures that insulin production
is maintained under conditions in which insulin secre-
tion is negligible (5). This also indicates that the �-cell
has a bias toward a continual replenishment of its
insulin stores (3, 5).

However, there is another contributing factor to con-
sider in control of the �-cell’s insulin stores. Normally,
a �-cell contains a relatively constant number of
�-granules (2, 6), but these are continually turned over,
having an estimated half-life of 3–5 d (6, 7). Older
�-granules in the �-cell’s storage pool that do not
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undergo exocytosis are eventually retired by intracel-
lular degradation. This intracellular digestion of insulin
can be attributed to two mechanisms. The first mech-
anism is referred to as crinophagy, whereby a �-gran-
ule can fuse directly with a large lysosomal-related
vacuolar compartment (often referred to as a “crinoph-
agic body”) resulting in degradation of the �-granule
lumenal content (7–10). The second mechanism is au-
tophagy, which can be subdivided into macroautoph-
agy and microautophagy in terms of degradation of
whole organelles (11–13). Macroautophagy is re-
garded as the primary autophagic mechanism for in-
tracellular protein degradation in mammalian cells (13,
14). In terms of insulin granule degradation, macroau-
tophagy would involve the formation of a membrane
around a �-granule to form a double membrane struc-
ture termed an “autophagosome.” The �-granule-con-
taining autophagosome subsequently docks with a
lysosomal vacuole, and their outer membranes fuse to
deliver the entire �-granule into the vacuole interior for
degradation (13–16). Microautophagy refers to the
process whereby a whole �-granule is taken up into a
lysosomal compartment by phagocytotic-like mecha-
nism (13, 16). Although both crinophagy and autoph-
agy have been presumed to occur in pancreatic
�-cells (7–10), the relative contributions of macroau-
tophagy and/or microautophagy in endocrine cell hor-
mone degradation have not been documented.

Historically, crinophagy has been regarded as the
prevalent mechanism for regulating intracellular insulin
content in the �-cells of the endocrine pancreas under
both normal and abnormal conditions. A crinophagic
body in the �-cell contains numerous insulin crystals
(1, 6, 8). The insulin crystal is notoriously difficult and
slow to degrade by lysosomal proteases (17), explain-
ing why insulin, but not the more soluble C peptide, is
detectable in these degradative structures (8). In this
study we find that autophagy, as well as crinophagy,
significantly contributes to the intracellular �-granule
degradation process in �-cells. It is noted that both
autophagy and crinophagy use similar large lysosom-
al-related vacuolar compartments for �-granule/insu-
lin degradation, and as such the term “crinophagic
body” to describe these degradation organelles is un-
fitting. In this text we shall refer to a “multigranular
body,” as an alternative to a crinophagic body.

The details behind the mechanisms that control in-
tracellular hormone degradation in endocrine cells re-
main poorly understood (7–9, 18). However, for pan-
creatic �-cells this is clearly a regulated process.
Under conditions where there is little demand for in-
sulin secretion, there is an increase in the intracellular
degradation of insulin (6, 7). Conversely, when the rate
of insulin secretion is high, there is a corresponding
decrease in the rate of insulin degradation within the
�-cell (6, 10, 19–21). Thus, the intracellular digestion of
insulin granule contents serves as a longer-term reg-
ulatory mechanism for keeping insulin content at op-
timal levels while maintaining the �-cell’s capacity to
secrete (7, 22).

In this study, we have examined a glucose-intoler-
ant, insulin secretion-deficient animal model, the
Rab3A�/� null mouse. Rab3A is a low molecular
weight GTP-binding protein that has been shown to
direct vesicular traffic in neuroendocrine cells (23). In
the �-cell, Rab3A resides on the �-granule membrane,
where it plays a role in directing transport of �-gran-
ules to the cell surface for subsequent exocytosis (24).
In pancreatic islets isolated from Rab3A�/� mice,
�-cells secrete approximately 70% less insulin com-
pared with wild-type animals in response to secreta-
gogue stimulation (26). Despite this net overproduc-
tion of insulin, insulin content does not markedly
increase in Rab3A�/� mouse islets. Here we provide
evidence that excessive insulin production, in this in-
stance, is compensated for by a marked increase in
insulin degradation facilitated by both autophagic and
crinophagic �-granule degradation. Thus, regulating
the intracellular digestion of �-granules is a key mech-
anism for maintaining insulin stores at constant levels
in the face of insulin secretory dysfunction in the
�-cell. This, in turn, may have consequences for un-
derstanding the �-cell’s management of intracellular
hormone content in other settings of insulin secretory
dysfunction, such as type 2 diabetes.

RESULTS

Control of Proinsulin Biosynthesis Is Normal in
Rab3A�/� Mouse Islet �-Cells

Preproinsulin mRNA levels in islets isolated from
Rab3A�/� and Rab3A�/� animals were comparable
after a short (1 h) incubation in the presence of stim-
ulatory (16.7 mM) glucose and did not change com-
pared with levels measured in the presence of basal
(2.8 mM) glucose (Fig. 1A). After chronic (18 h) expo-
sure to 16.7 mM glucose, there was a similar 2-fold
increase in preproinsulin mRNA levels in both
Rab3A�/� and Rab3A�/� islets compared with levels
observed at 2.8 mM glucose (Fig. 1A). This reflected a
specific glucose-induced increase in preproinsulin
mRNA levels, because control glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA levels did
not change. In contrast to preproinsulin mRNA levels,
there was a specific 4- to 5-fold increase in proinsulin
biosynthesis after the 1 h incubation at 16.7 mM glu-
cose compared with that at basal 2.8 mM glucose (P �
0.01) (Fig. 1B). This rapid, glucose-induced increase in
proinsulin biosynthesis above that of general protein
synthesis observed in both Rab3A�/� and Rab3A�/�

islets, in the absence of any change in preproinsulin
mRNA levels, underlines the specific translational con-
trol of proinsulin biosynthesis by glucose (3, 4).

Glucose-induced proinsulin biosynthesis after the
18-h incubation at 16.7 mM was 7- to 8-fold higher
than that observed at basal 2.8 mM glucose (P � 0.01)
in both Rab3A�/� and Rab3A�/� mouse islets (Fig.
1B). Thus, the approximate 2-fold increase in the mag-
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nitude of glucose-induced proinsulin biosynthesis af-
ter an 18-h exposure to stimulatory (16.7 mM) glucose
over that observed after a 1-h incubation (Fig. 1B) in
both Rab3A�/� and Rab3A�/� islets reflects the spe-
cific glucose-induced increase in preproinsulin mRNA
levels (Fig. 1A), as previously indicated (4). Taken to-
gether, these results demonstrate that mechanisms
that control proinsulin biosynthesis, at both the trans-
lational and transcriptional levels, remain normal in the
Rab3A�/� mouse islet �-cell.

Proinsulin Processing to Insulin Is Normal in
Rab3A�/� Mouse Islet �-Cells

Another important mechanism affecting insulin pro-
duction in the pancreatic islet �-cell is the efficient
conversion of proinsulin to insulin and C peptide by
limited proteolysis (3). Short-term pulse-chase radio-

labeling studies revealed that normal proinsulin con-
version in Rab3A�/� mouse islets was indistinguish-
able from that in control Rab3A�/� mouse islets, with
more than 90% of proinsulin converted to insulin
within 3 h after initiating proinsulin biosynthesis (Fig.
1C) (25).

Secretagogue-Stimulated Insulin Secretion Is
Deficient in Isolated Rab3A�/� Mouse Islets

Glucose-regulated insulin secretion is significantly de-
ficient in Rab3A�/� islet �-cells (26). Here, we exam-
ined whether potentiation of glucose-induced insulin
secretion by the incretin, glucagon-like peptide 1
(GLP-1), was also diminished in Rab3A�/� islets. A
typical sigmoidal response curve for glucose-stimu-
lated insulin secretion for control Rab3A�/� islets was
observed, with a threshold at 5–6 mM that reached a

B

0

2

4

6

8

2.8 16.7 2.8 16.7
[Glucose] mM

Fo
ld

 In
cr

ea
se

 a
bo

ve
 

2.
8m

M
 g

lu
co

se
 c

on
tr

ol
 

2.8 16.7 2.8 16.7
[Glucose] mM

Rab3A+/+ Rab3A-/-

1h incubation

0

2

4

6

8

16.7

Rab3A+/+ Rab3A-/-

18h incubation

2.8 16.7 2.8
[Glucose] mM

2.8 16.7 2.8 16.7
[Glucose] mM

Fo
ld

 In
cr

ea
se

 a
bo

ve
 

2.
8m

M
 g

lu
co

se
 c

on
tr

ol
 

Proinsulin
Insulin

Rab3A+/+

Proinsulin

Insulin

Rab3A-/-

30 +30 +60 +90 +120 +180

Pu
ls

e Chase

Time (mins)C

Rab3A+/+ Rab3A-/-

1h incubation

2.8 16.7 2.8 16.7
[Glucose] mM

2.8 16.7 2.8 16.7
[Glucose] mM

Rab3A+/+ Rab3A-/-

18h incubation

Preproinsulin mRNA

GAPDH mRNA

A

Fig. 1. Proinsulin Biosynthesis Is Normal in Rab3A Mouse Islet �-Cells
Islets isolated from either Rab3A�/� control or Rab3A�/� mice and incubated for either 1 h or 18 h in the presence of basal

2.8 mM or stimulatory 16.7 mM glucose were assessed for preproinsulin mRNA expression and proinsulin biosynthesis as
described in Materials and Methods. Panel A shows a representative RNase protection assay analysis for preproinsulin and
GAPDH (control) mRNA levels. Panel B shows a quantitative analysis of specific proinsulin biosynthesis. Results are expressed
as a mean � SE (n � 4), expressed as a fold-increase above that measured at basal (2.8 mM) glucose. Representative alkaline-urea
gel fluorography analyses for proinsulin biosynthesis are also shown. Panel C shows a representative alkaline-urea gel fluorog-
raphy analysis of proinsulin to insulin conversion from a pulse-chase radiolabeling experiment in Rab3A�/� and Rab3A�/� mouse
islets (as described in Materials and Methods), with the electrophoretic migration of proinsulin and insulin indicated.
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maximal rate at 12–16 mM glucose (Fig. 2A). The ad-
dition of GLP-1 significantly potentiated glucose-in-
duced insulin secretion between 8 and 16 mM glucose
in normal Rab3A�/� islets (Fig. 2A), as expected (27).
In contrast, glucose-stimulated insulin secretion from
isolated Rab3A�/� islets was significantly decreased
(�70%) compared with control islets (Fig. 2A; P �
0.05). Moreover, GLP-1-mediated potentiation of glu-
cose-induced insulin secretion was absent in

Rab3A�/� islets (Fig. 2A; P � 0.02), further indicating
that the functional secretory capacity of Rab3A�/�

islet �-cells was severely restricted (26). It should be
noted that this lack of GLP-1-potentiation of glucose-
induced insulin secretion was not due to Rab3A�/�

islets being unresponsive to GLP-1. GLP-1-stimulated
activation of protein kinase-A, as judged by increased
phosphorylation of the transcription factor cAMP re-
sponsive element binding protein, was still apparent in
Rab3A�/� islets and equivalent to that in Rab3A�/�

islets (data not shown). The insufficient insulin-secre-
tory response to glucose/GLP-1 in Rab3A�/� islets
was more likely reflective of deficient �-granule trans-
port in Rab3A�/� �-cells (24, 26).

Intriguingly, however, despite normal insulin pro-
duction (Fig. 1), yet defective insulin secretion (Fig. 2A)
(26), the insulin content of Rab3A�/� islets was not
significantly different from that of control Rab3A�/�

islets (Fig. 2B).

Intracellular Insulin Degradation Is Enhanced in
Rab3A�/� Islets

An indication of insulin degradation activity in
Rab3A�/� and control islets was examined by a long-
er-term pulse-chase radiolabeling strategy. A window
of [35S]protein/[35S](pro)insulin synthesized in a 90-
min pulse radiolabeling period was chased in the islets
for up to 96 h in culture. The chase period was con-
ducted at a basal 2.8 mM glucose to keep (pro)insulin
secretion to a minimum and retain the majority of the
[35S](pro)insulin intracellularly (25). Indeed, negligible
[35S](pro)insulin was detected in the media of these
experiments (data not shown). As such, any difference
between detectable [35S](pro)insulin in Rab3A�/� and
Rab3A�/�islets was most likely reflective of intracel-
lular insulin degradation activity (7).

Total protein degradation in Rab3A�/� and
Rab3A�/� islets was similar, with approximate general
protein half-lives of 29.6 � 2.4 h and 32.1 � 4.2 h,
respectively (Fig. 3A). In comparison, [35S](pro)insulin
degradation was significantly longer, with an esti-
mated half-life in excess of 3 d (Fig. 3B). This finding is
consistent with previous observations of an estimated
3- to 5-d half-life of a �-granule (6, 7), and that the
insulin crystal contained in mature �-granules is rela-
tively resistant to lysosomal protease degradation (6,
17). The rate of insulin breakdown in Rab3A�/� islets
was observed to be slightly faster than that of
Rab3A�/� islets by this pulse-chase radiolabeling
analysis at more than 48 h (Fig. 3B). The residual
[35S](pro)insulin in Rab3A�/� islets was significantly
lower than that in Rab3A�/� control islets at 96 h (P �
0.05; Fig. 3B), indicative of increased intracellular in-
sulin degradation activity.

However, we also used a morphological approach
to assess intracellular insulin breakdown. Islet �-cells
can be readily distinguished from the non-�-cell types
by electron microscopy (EM) due to the typical mor-
phological characteristics of �-granules, i.e. a small,
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Fig. 2. Secretagogue-Stimulated Insulin Secretion Is Defi-
cient in Isolated Rab3A�/� Mouse Islets

Pancreatic islets were isolated from either Rab3A�/� con-
trol or Rab3A�/� mice, incubated for 1 h between 2.8 mM and
16.7 mM glucose � GLP-1 (10 nM) as indicated, and then
assessed for insulin secretion and insulin content as de-
scribed in Materials and Methods. Panel A shows glucose/
GLP-1-induced insulin secretion from Rab3A�/� and
Rab3A�/� mouse islets where the data are expressed as a
mean � SE (n � 4) as a fractional release of the islet insulin
content, where * indicates significant difference of Rab3A�/�

islets from equivalently treated Rab3A�/� control islets (P �

0.05). Panel B shows the total insulin content of Rab3A�/�

and Rab3A�/� mouse islets incubated for 1 h at either a basal
(2.8 mM) or stimulatory (16.7 mM) glucose concentration as a
mean � SE (n � 5).
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electron-dense core [often hexagonal or rhomboidal in
shape as a consequence of insulin crystal structure
(28)] surrounded by a large halo (Fig. 4A) (29). Secre-
tory granules in islet non-�-cells have larger, more
rounded, dense cores with negligible haloes (Fig. 4B)
(30). In the present study, EM analysis revealed that
degradative compartments, referred to here as “mul-

tigranular bodies,” were much more numerous in
Rab3A�/� mouse islet �-cells than in Rab3A�/� con-
trol mouse islet �-cells (Fig. 4A). It is noteworthy that
multigranular bodies were also more numerous in the
non-�-cells of Rab3A�/� mouse islet compared with
Rab3A�/� mouse islet non-�-cells (Fig. 4B). This is not
surprising, given that this animal model represents a
total knockout of the Rab3A gene in all tissues (26).

EM Quantification Reveals Increased Intracellular
Insulin Degradation in Rab3A�/� Islets

EM analyses were carried out on three separate islet
preparations from Rab3A�/� and Rab3A�/� mice, uti-
lizing three to five separate blocks (containing two to
five embedded islets per block) per islet preparation.
Quantification was based on counting multigranular
bodies in selected 5-�m2 surface areas of individual
islet cells (excluding the nucleus) in the electron mi-
crograph sections. A total of 482 5-�m2 areas from a
total of 347 �-cells from control Rab3A�/� mouse
islets; 456 5-�m2 areas from 309 �-cells of Rab3A�/�

mouse islets; 92 5-�m2 areas from 63 non-�-cells of
control Rab3A�/� mouse islets; and 80 5-�m2 areas
from 57 non-�-cells of Rab3A�/� mouse islets were
counted. Because non-�-cells are less frequent in ro-
dent pancreatic islets, and it is more difficult to distin-
guish between the �-, �-, pp-, and �-cells at the EM
level by granule morphology alone, non-�-cell data
were grouped together into a single category. A large
number of 5-�m2 surface areas in islet cell electron
micrographs were counted to minimize sectioning
artifacts.

On average, control Rab3A�/� islets contained
0.36 � 0.04 multigranular bodies/5-�m2 �-cell section
surface area. In contrast, Rab3A�/� mouse islet
�-cells contained significantly more 4.41 � 0.20 mul-
tigranular bodies/5-�m2 �-cell section surface area,
implicating a 12.3-fold increase relative to control mice
(P � 0.001; Fig. 5A). Moreover, multigranular bodies
were found to be significantly larger in Rab3A�/� vs.
Rab3A�/� islet �-cells (analysis of 1522 and 233 mul-
tigranular bodies, respectively; P � 0.001; Fig. 5A),
and contained more residual insulin crystals (P �
0.001; Fig. 5A) compared with control animals. Thus,
intracellular insulin degradative activity was higher in
Rab3A�/� vs. Rab3A�/� mice.

Increased lysosomal digestion of intracellular hor-
mone content was not confined to pancreatic �-cells
in the Rab3A�/� mouse model. Although multigranular
bodies were not as abundant in other islet endocrine
cell types compared with islet �-cells (on average, one
multigranular body was seen for every four non-�-
cells, quantified as 0.24 � 0.02 multigranular bodies/
5-�m2 non-�-cell section surface area; Fig. 5B),
Rab3A�/� mouse islet non-�-cells revealed a signifi-
cant 8.7-fold increase in the number of degradative
compartments relative to control animals at 2.08 �
0.22 multigranular bodies/5-�m2 non-�-cell section
surface area (P � 0.001; Fig. 5B). In contrast to �-cells,
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Fig. 3. Intracellular Insulin Degradation Activity Is Enhanced
in Rab3A�/� Islets

Pancreatic islets were isolated from either Rab3A�/� con-
trol or Rab3A�/� mice and then incubated in a long-term
pulse-chase radiolabeling protocol at basal (2.8 mM) glucose
for up to 96 h to assess the rate of intracellular total protein
and (pro)insulin degradation as described in Materials and
Methods. Panel A shows the quantitative analysis of residual
[35S]total protein present in the Rab3A�/� or Rab3A�/�

mouse islets, as indicated, over time relative to “time zero” as
a mean � SE (n � 3), where * indicates significant difference
of Rab3A�/� islets from equivalently chased Rab3A�/� con-
trol islets (P � 0.05). Panel B shows the quantitative analysis
of residual [35S](pro)insulin present in the Rab3A�/� or
Rab3A�/� mouse islets, as indicated, over time relative to
“time zero” as a mean � SE (n � 3). Representative alkaline-
urea gel fluorography analyses for [35S](pro)insulin are also
shown, with the electrophoretic migration of proinsulin and
insulin indicated.
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the average size of multigranular bodies did not differ
between control and Rab3A�/� mice (Fig. 5B). Resid-
ual secretory granule cores were not consistently ob-
served in non-�-cell multigranular bodies and thus
could not be quantified, presumably due to the fact
that their primary hormone products (i.e. glucagon,
somatostatin, pancreatic polypeptide, and ghrelin in
�-, �-, pp-, and �-cells, respectively) are more soluble

and thus more readily degraded than the paracrystal-
line insulin core within mature �-granules (17).

Although two-dimensional EM surveys of thin sec-
tions indicated increased degradation of �-granules/
insulin in Rab3A�/� islet �-cells mediated by an ap-
parent 12-fold increase in the number of multigranular
bodies per �-cell surface area (Fig. 5), we wanted to
rule out the possibility that this increase was due to the

Rab3A+/+ Rab3A-/-

A

Rab3A+/+ Rab3A-/-

B
Fig. 4. Intracellular Degradation in Rab3A�/� Islet Cells Is Increased Compared with Control Rab3A�/� Islet Cells as Assessed
by Conventional EM Analysis

Pancreatic islets were isolated from Rab3A�/� control and Rab3A�/� mice and surveyed by conventional EM as described in
Materials and Methods. Panel A shows a representative image of Rab3A�/� and Rab3A�/� mouse islet �-cells (magnification,
	6600). Multigranular bodies occurred at low frequency in Rab3A�/� �-cells, but were numerous in Rab3A�/� �-cells (arrow-
heads). An example multigranular body from a �-cell is magnified further in the inset. Panel B shows a representative images of
Rab3A�/� and Rab3A�/� mouse islet non-�-cells (magnification, 	6600). As with �-cells, multigranular bodies were rarely
observed in other pancreatic islet endocrine cell types of Rab3A�/� mice, yet were numerous in the same cell types in Rab3A�/�

mice (arrowheads). A representative multigranular body from an islet non-�-cell is magnified in the inset.
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limitations of conventional EM. For example, some
multigranular bodies resided in close proximity to each
other, which might have suggested a single larger
tubular degradative compartment that had been cut in
several places in the plane of view to reveal an appar-
ent increase in the number of individual multigranular
bodies. Thus, we analyzed the structure of several

multigranular bodies using a three-dimensional (3D)
EM technique referred to as electron tomography (ET),
to unambiguously address the nature of these com-
partments at high resolution (�6 nm) and in 3D (31,
32). Representative 3D reconstructions of multigranu-
lar bodies in mouse islet �-cells are presented in
QuickTime Movies 1–4 (see supplemental data pub-
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Fig. 5. Multigranular Bodies Are Larger and More Numerous in Rab3A�/� Islet �-Cells
Pancreatic islets were isolated from Rab3A�/� control and Rab3A�/� mice and then analyzed by conventional two dimensional

EM as described in Materials and Methods. In panel A, a quantification of multigranular bodies per 5-�m2 surface area regions
of islet �-cells from Rab3A�/� (n � 482 5-�m2 regions from 347 �-cells) and Rab3A�/� (n � 456 5-�m2 regions from 309 �-cells)
mouse islets is presented, including the number of multigranular bodies per �-cell, the number of residual insulin crystals per
multigranular body, and the average diameter of a �-cell multigranular body. Data are shown as mean � SE. In Panel B, a
quantification of multigranular bodies per 5-�m2 surface area regions in islet non-�-cells from Rab3A�/� (n � 92 5-�m2 regions
from 63 non-�-cells) and Rab3A�/� (n � 80 5-�m2 regions from 57 non-�-cells) mouse islets is likewise presented (mean � SE).
In all panels the * indicates significant difference of Rab3A�/� islets from Rab3A�/� control islets (P � 0.05).
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lished on The Endocrine Society’s Journals Online
web site at http://mend.endojournals.org). The tomo-
graphic analysis indicated that although often multi-
lobed, each multigranular body visible within a plane of
section indeed represented a single degradative com-
partment rather than a portion of a large, continuous
tubular system.

The number of �-granules per �-cell surface area
(excluding the nucleus) was also examined in the same
electron micrographs. In Rab3A�/� control mouse is-
lets, an average of 74.8 � 2.6 �-granules/5-�m2 �-cell
section surface area was observed, whereas in
Rab3A�/� mouse islets a significantly less 52.8 � 1.8
�-granules/5-�m2 �-cell section surface area was
found (P � 0.001). This represents a 29.4% decrease
in �-granules in Rab3A�/� vs. Rab3A�/� control
mouse islets. It should be noted that this �-granule
decrease is not reflected in the islet insulin content of
Rab3A�/� mouse islets (Fig. 2B), because this is also
contributed by the residual insulin crystals found in the
increased numbers of multigranular bodies in
Rab3A�/� mouse islet �-cells (Fig. 5). Moreover, con-
sidering that islet �-cells secrete only 1–2% of their
intracellular insulin stores per hour under stimulatory
conditions (Fig. 2A), it is unlikely that this approxi-
mately 30% decrease in �-granules in Rab3A�/�

mouse islet �-cells impinges on insulin-secretory
capacity.

EM Evidence of Increased �-Granule Crinophagy
and Autophagy in Rab3A�/� Islets

The intracellular degradation of insulin and turnover of
�-granules in �-cells is presumed to be facilitated by
both crinophagy and autophagy (6, 10). However,
these processes have not been clearly demonstrated
to occur simultaneously in pancreatic �-cells. Because
of the high incidence of �-granule/insulin degradation
in Rab3A�/� mouse islet �-cells, we were able to
capture examples of crinophagy in which �-granules
were apparently docked with multigranular bodies
(Fig. 6A). An area of darkened shading on the electron
micrographs at the point of contact between the
�-granule and multigranular body membranes (as in-
dicated by the arrow on Fig. 6A), suggested that these
organelles were indeed in physical contact. In addi-
tion, rare images of �-granules already fused with
multigranular bodies were acquired (Fig. 6, B and C),
with their membranes continuous in some cases (Fig.
6C), indicating that the process of crinophagy had
occurred.

We have also found that autophagy significantly
contributes to �-granule/insulin degradation in
Rab3A�/� mouse islet �-cells. Rare EM evidence of
both macroautophagy and microautophagy in these
�-cells was obtained. The early stages of macroauto-
phagy were observed, where membranes gathered
around a �-granule (Fig. 6D) to form a double-mem-
braned vesicle encapsulating an entire �-granule (Fig.
6E); this early organization of autophagic membranes

is known as an “autophagosome” (13, 14). The dock-
ing of autophagosomes to multigranular bodies to fa-
cilitate the delivery of �-granules in toto into degrada-
tive compartments was also frequently observed (Fig.
6F). This process results in digestion/breakdown of the
�-granule membrane inside the multigranular body, as
well as the granule’s luminal contents such as insulin
(Fig. 6G). Furthermore, it was also possible to capture
images of the process of microautophagy, whereby
degradative/multigranular structures selectively
phagocytose and engulf entire �-granules (Fig. 6,
H–J). This process, like macroautophagy yet in con-
trast to crinophagy, results in the degradation of the
�-granule membrane in addition to the granule cargo
(Fig. 6K), but in a selective rather than bulk autophagic
manner.

Tomographic analyses of the 3D organization of
�-cell organelles revealed that the majority of multi-
granular bodies in Rab3A�/� mouse islet �-cells have
invaginations, indicative of microautophagic activity. A
Quicktime movie (supplemental Movie 5) shows a mul-
tigranular body with invaginations revealed to be con-
tinuous with the cytosol by EM-tomography, clearly
indicating its microautophagic activity. A 3D surface-
rendered model generated by segmentation of the
tomographic reconstruction of this particular multi-
granular body highlights such invaginations and mi-
croautophagic uptake (supplemental Movie 6).

Examination of Autophagic Gene (ATG)
Expression in Rab3A�/� vs. Rab3A�/� Isolated
Mouse Islets

A family of genes (known as ATGs) has been impli-
cated in the control of macroautophagy (12, 14, 16,
33). However, it essentially remains unclear how cri-
nophagy and microautophagy are differentially regu-
lated (16). Nonetheless, we examined whether there
was an alteration in the expression of key ATGs in
isolated islets of Rab3A�/� vs. Rab3A�/� mice by
semiquantitative RT-PCR analysis using �-actin
mRNA expression as a reference that did not alter
between Rab3A�/� vs. Rab3A�/� mouse islets (Fig.
7A). As observed previously (Fig. 1), there was no
change in preproinsulin gene expression between
Rab3A�/� vs. Rab3A�/� mouse �-cells (Fig. 7A). For
most of the ATGs examined there was no significant
difference in their expression between islets from
Rab3A�/� vs. Rab3A�/� mice (Fig. 7, A and B). There
was a trend for ATG5 to be slightly increased in
Rab3A�/� mouse islets, but this was not statistically
significant (Fig. 7, A and B). Likewise, there was no
change in the expression of the lysosomal protein,
LAMP-1 (Fig. 7, A and B). However, in contrast, there
was a specific 67% significant decrease in the related
LAMP-2 gene expression (P � 0.01; Fig. 7, A and B).
Although a semiquantitative RT-PCR approach can
reveal large qualitative changes in mRNA expression
levels, it is not necessarily a reliable quantitative
method. As such, the expression levels of LAMP-1 and
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LAMP-2 in Rab3A�/� vs. Rab3A�/� mouse isolated
islets were reexamined by fluorescence-based real-
time quantitative RT-PCR, following a method previ-
ously described using �-actin mRNA levels as a ref-
erence (34). This more quantitative approach also
indicated that expression levels of LAMP-1 were un-
changed, but there was a significant approximately
80% decrease in LAMP-2 mRNA levels in Rab3A�/�

vs. Rab3A�/� mouse isolated islets (P � 0.05; Fig. 5C).
This decrease in LAMP-2 gene expression was also

reflected at the protein level, where LAMP-2 protein in
isolated Rab3A�/� mouse islets was reduced approx-
imately 80% compared with Rab3A�/� mouse islets
(P � 0.05; Fig. 7D). LAMP-1 protein expression and
that of the p85 regulatory subunit of phosphatidylino-

sitol-3�-kinase (PI3Kp85; used as a loading control)
did not change between Rab3A�/� vs. Rab3A�/�

mouse islets (Fig. 7D), emphasizing a specific de-
crease of LAMP-2 expression in Rab3A�/� mouse
islets. It should be noted that LAMP-2 is a negative
regulator of autophagy (35, 36), and this reduced ex-
pression LAMP-2 in Rab3A�/� mouse islets correlated
with the increased autophagy observed.

DISCUSSION

Although the contribution of intracellular degradation
to the regulation of cellular insulin content is often

Macroautophagy

D E F

Crinophagy

A B C

Microautophagy

H I J K

G

Fig. 6. Morphological Evidence for the Up-Regulation of Crinophagy, Macroautophagy, and Microautophagy in Rab3A�/� Islet
�-Cells

Pancreatic islets were isolated from Rab3A�/� mice and then analyzed by conventional EM as described in Materials and Methods.
As �-granule/insulin degradation activity was dramatically increased in Rab3A�/� islet �-cells, numerous examples of crinophagy were
observed. Panels A–C reveal different stages of �-granule crinophagy. Panel A shows a granule docked against a multigranular body,
whereas panels B and C show instances of the �-granule membrane fusing with that of the multigranular body (arrowheads). Example
images showing the process of macroautophagy are shown in the upper set of panels (D–G). Panel D shows an early stage of
macroautophagy where membranes are gathering around a �-granule (arrowheads). Panel E shows a �-granule captured inside an
autophagosome, as indicated by the arrowhead. Panel F shows an autophagosome docked with a multigranular body (arrowhead) to
deliver a �-granule to its degradative interior. Panel G shows a �-granule inside a multigranular body with the �-granule membrane
intact (arrowhead), indicating that autophagosome-mediated delivery of a �-granule to the degradative compartment had occurred.
Panels H and I show microautophagy, whereby a multigranular body is engulfing an entire �-granule by phagocytosis. Panel K shows
a �-granule inside a multigranular body with the �-granule membrane mostly intact (arrowhead).
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under appreciated, it nonetheless plays an important
role over the long term to cap insulin levels and facil-
itate normal �-granule turnover (6, 7, 9, 10, 22). In this
study, we have revealed a redistribution in the normal
balance between insulin production, secretion, and
degradation in the �-cell in an animal model of defi-
cient insulin secretion, the Rab3A�/� mouse (26). In
the �-cells of islets isolated from these mice, the reg-
ulation of insulin gene transcription, proinsulin synthe-
sis at the translational level, and proinsulin processing
to insulin are indistinguishable from control Rab3A�/�

islet �-cells. Hence insulin production is normal in
Rab3A�/� mouse islet �-cells. However, in the ab-
sence of Rab3A, defective �-granule transport results
in an approximately 70% reduction in secretagogue-
induced insulin secretion (26) (Fig. 2). Yet, despite the

net overproduction of insulin in Rab3A�/� islet �-cells,
intracellular insulin levels were apparently not signifi-
cantly different from controls due to the marked up-
regulation in intracellular insulin/�-granule degrada-
tion by autophagy and crinophagy.

Crinophagy has been previously deemed to be the
major mechanism of intracellular insulin degradation in
the �-cell (6, 8, 10), but this study has revealed a
critical role for autophagy in management of �-gran-
ule/insulin content in vivo, under conditions where in-
sulin secretion is impaired. Previous studies that used
diazoxide to inhibit insulin secretion without affecting
insulin production reported a significant increase in
intracellular insulin content concomitant with in-
creased lysosomal enzyme activity and crinophagy,
but not autophagy (9, 10). This increase in insulin
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Fig. 7. LAMP-2 Gene Expression Is Specifically Down-Regulated in Rab3A�/� Islet �-Cells
Pancreatic islets were isolated from individual Rab3A�/� and Rab3A�/� mice (20–24 wk of age) and then analyzed for the gene

expression of preproinsulin-1 and -2, �-actin (reference control), the macroautophagic genes, ATG4, ATG5, and ATG6 (also
known as beclin-1), ATG7 and ATG8 (also known as LC3), ATG10, ATG12, and ATG16, as well as the lysosomal-associated
membrane proteins, LAMP-1 and LAMP-2, by semiquantitative RT-PCR as described in Materials and Methods. Panel A shows
an example RT-PCR analysis of islet preparations from two separate Rab3A�/� and Rab3A�/� mice. Panel B shows the
accumulated semiquantitative RT-PCR analysis gene expression in Rab3A�/� vs. Rab3A�/� mouse islets relative to �-actin
mRNA expression. The data are presented as a mean � SE (n � 6). Panel C shows a quantitative real time RT-PCR analysis of
LAMP-1 and LAMP-2 mRNA expression levels relative to �-actin mRNA expression in Rab3A�/� vs. Rab3A�/� mouse islets The
data are presented as a mean � SE (n � 3). Panel D shows a representative immunoblot analysis (left panel) of the specific
decreased LAMP-2 protein expression in isolated islets from Rab3A�/� mice relative to Rab3A�/� mouse islets and that of
LAMP-1 and PI3Kp85 used as a loading control. The right panel shows a quantification of the percentage change in PI3Kp85,
LAMP-1, and LAMP-2 protein levels, determined by immunoblot analysis, in Rab3A�/� mice relative to Rab3A�/� mouse islets.
These data are presented as a mean � SE (n � 4). In panels B–D the * indicates significant difference in Rab3A�/� mice relative
to Rab3A�/� mouse islets of P � 0.05. KO, Knockout; WT, wild type.
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content observed in diazoxide-treated islets reflected
that a transient increase in crinophagy alone was in-
sufficient to redress the net oversupply of intracellular
insulin. Here, in contrast, we find that in an in vivo
model of insulin-secretory deficiency, the Rab3A�/�

mouse, excess insulin production in �-cells is coun-
terbalanced by a up-regulation of autophagic degra-
dative pathways, as well as crinophagy, to maintain
intracellular insulin stores at near-normal levels over
the long term. Consistent with other studies, increased
intracellular insulin breakdown in Rab3A�/� mouse
�-cells was indicated by a marked increase in degra-
dative compartments (7–10, 22). These compartments
are historically referred to as “crinophagic bodies” be-
cause crinophagy has been documented as the major
mechanism of secretory granule degradation in the
�-cell (6, 22). Indeed, EM evidence in this study indi-
cated that crinophagy does contribute to increased
insulin/�-granule degradation in �-cells of Rab3A�/�

islets (Fig. 6). However, autophagy, particularly micro-
autophagy, was also markedly increased in Rab3A�/�

islet �-cells compared with Rab3A�/� control �-cells.
It is this augmentation in autophagic activity over the
long term that likely compensates for the overproduc-
tion of insulin in Rab3A�/� islet �-cells in vivo to main-
tain intracellular insulin stores at near-normal levels.

Autophagy is subdivided into different mechanisms,
referred to as “macroautophagy,” “microautophagy,”
and “chaperone-mediated autophagy” (13, 14, 16).
Both macroautophagy and microautophagy were ob-
served in Rab3A�/� islets (Fig. 6). Chaperone-medi-
ated autophagy is a selective mechanism by which
certain cytosolic proteins are delivered to and de-
graded in lysosomal compartments (16, 37). As such,
it is quite unlikely to be involved in the selective deg-
radation of a whole organelle, such as �-granule, as
found in Rab3A�/� mouse �-cells. Likewise, proteo-
somal degradation mechanisms are not involved in
intracellular degradation of insulin in �-cells (38). Due
to the high levels of �-granule/insulin degradation in
Rab3A�/� islet �-cells, multiple stages of macroauto-
phagy were documented, including an autophago-
some (Fig. 6, D–F) (13, 14, 16, 39), and, more com-
monly, microautophagy in which individual �-granules
are imbibed into a multigranular degradation compart-
ment by a phagocytotic mechanism (Fig. 6, H–J, and
supplemental Movies 5 and 6). These data provide the
first evidence that macroautophagy and microautoph-
agy act in concert with crinophagy to regulate �-gran-
ule/insulin content in �-cells, under conditions in
which regulated secretion is impaired and insulin pro-
duction is excessive.

There is an important functional implication between
crinophagy and autophagy in terms of �-granule deg-
radation in the �-cell. Because crinophagy involves
the fusion of the �-granule and multigranular body
outer membranes, a �-granule membrane protein is
incorporated into the multigranular body membrane
and is probably not subject to lysosomal degradation.
Presumably, �-granule membrane constituents are re-

cycled back to the Golgi for use in subsequent rounds
of insulin granule packaging (40). In contrast, the au-
tophagic mechanisms documented here result in de-
livery of the entire �-granule to the lumen of the mul-
tigranular body/lysosomal compartment (12–14), so
that both lumenal cargo and membrane components
of the �-granule are proteolytically degraded. As such,
autophagy plays a much more prominent role in
�-granule turnover than previously thought, particu-
larly under conditions where a marked increase in
intracellular degradation is required. Moreover, be-
cause the insulin contained in the multigranular bodies
will be irreversibly degraded [albeit slowly (17)], it no
longer is able to contribute to the �-cell’s insulin-
secretory capacity. Therefore, measurements of islet
total insulin content do not always provide an accurate
measurement of �-cell-secretory capacity, where a
sizeable proportion of intracellular insulin terminally
resides in multigranular body/degradative compart-
ments. Nonetheless, most likely because of increased
�-granule autophagic activity in the Rab3A�/� islet
�-cells, a 30% reduction in �-granule number was
observed. However, it is unlikely that this moderate
decrease in �-granules will contribute to insulin-secre-
tory dysfunction in this model. A �-cell’s ability to
secrete insulin only reflects a minor subpopulation of
�-granules that remain capable of readily undergoing
exocytosis (2, 41). This is reflected in a 1–2% of the
total �-granule population secreted/hour under
marked stimulated conditions (Fig. 2A).

The increase of autophagy in Rab3A�/� islet �-cells
compensates for the abnormal imbalance between
insulin secretion and insulin production. This implies
that intracellular insulin degradation activity is a highly
regulated process, and that maintenance of insulin
stores is an important aspect of �-cell function. A
question arises as to what controls the increase in
multigranular bodies in Rab3A�/� islet �-cells selec-
tive for �-granule degradation. An initial examination of
the expression of key genes implicated in multigranu-
lar body degradation mechanisms between isolated
islets from Rab3A�/� and Rab3A�/� mice indicated
that there was no significant difference in the expres-
sion of ATGs implicated in the up-regulation of mac-
roautophagy (12, 14, 16, 33). However, increased ATG
expression is more associated with a response to
starvation or pathogenic infections and directed at the
process of aggregating soluble proteins destined for
macroautophagic degradation, rather than degrada-
tion of whole organelles (33, 42). This suggests that
macroautophagy, although present, was not a major
contributor to �-granule degradation in Rab3A�/�

mouse islet �-cells, consistent with the observation
that microautophagy was more common. In contrast
to ATGs, the expression of the lysosomal associated
membrane protein, LAMP-2, but not that of the related
LAMP-1, was significantly decreased in Rab3A�/� vs.
Rab3A�/� mouse islets (Fig. 7). LAMP-2 has been
shown to be a negative regulator of autophagy (35,
36), and disabling mutations in LAMP-2 are associated
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with Danon disease in humans (43). In Danon disease
and LAMP-2�/� mice there is a marked increase in
autophagic vacuoles in many tissues causing cardio-
myopathy, myopathy, and neuronal degeneration (33,
35, 42, 44). As such, it is quite possible that the spe-
cific decreased expression of LAMP-2 in Rab3A�/�

mouse islets causes an increase in multigranular body
degradation compartments in �-cells and increased
�-granule/insulin degradation. This implies that
LAMP-2 might be dynamically regulated in �-cells to
control autophagic degradation of organelles, like
�-granules. Because no change in ATG expression
was observed in Rab3A�/� mouse islets, it is likely that
the increased autophagic degradation of �-granules
was more commonly contributed by increases in mi-
croautophagy and less so by macroautophagy. How-
ever, it should also be considered that a multigranular
body in the �-cell may originally be derived from a
lysosome (20, 21), and thus the significant increase in
the number of these degradation compartments in
Rab3A�/� mouse islet �-cells implies that the regula-
tion of lysosomal biogenesis will also contribute to
controlling insulin/�-granule degradation in the �-cell
(45, 46). Because LAMP-2 is a lysosomal-membrane
protein, a decrease in its expression may favor forma-
tion of mircoautophagic multigranular bodies from ly-
sosomes in �-cells. However, in general, the mecha-
nisms that regulate microautophagy in mammalian
regulated secretory cells remain undetermined (16),
and further experimentation will be required to deter-
mine whether the specific decrease in LAMP-2 ex-
pression triggers the up-regulation of (micro)autoph-
agic activity in �-cells.

It is possible that the findings in this study might be
peculiar to the Rab3A�/� mouse model. However, it is
unlikely that deletion of Rab3A leads to increased
�-granule degradation. Of more than 40 members of
the Rab family of proteins involved in directional ve-
sicular trafficking, only Rab7 has been implicated in
autophagy (47). Considering that an imbalance be-
tween insulin production and secretion in �-cells leads
to adaptive �-granule degradation under other circum-
stances (7, 10, 19, 21, 22), we favor this reason as the
cause of increased crinophagic and autophagic activ-
ity in Rab3A�/� mouse islet �-cells. However, further
experimentation is required to substantiate this idea,
and for the moment alternative explanations cannot be
ruled out.

Notwithstanding, it should be noted that increased
autophagy has been associated with the pathogenesis
of human type 2 diabetes (48), and our findings here
might have relevance. In certain models of type 2
diabetes, both insulin gene expression and proinsulin
biosynthesis can be unchanged or even up-regulated
in contrast to insulin secretory dysfunction and defi-
ciency in the same �-cell population, acquiring an
imbalance between insulin production and secretion
reminiscent of the Rab3A�/� mouse �-cell phenotype
(26). This implies that �-granule degradation could well
be up-regulated in the �-cell during the progression of

type 2 diabetes, to counter excessive insulin produc-
tion. Initially, this may be a protective effect to avert
over accumulation of �-granules within the �-cell. Al-
though autophagic �-granule degradation may be ini-
tially selective for �-granules, if continued chronically,
it could become less discriminatory and other �-cell
organelles might be degraded resulting in autophagic
mediated-death of �-cells (16, 33), which in turn would
contribute to decreased �-cell mass that marks the
onset of type 2 diabetes (49). Indeed, there is prece-
dence of this in that chronic autophagic programmed
cell death type II (also known as nonapoptotic cell
death) has been shown to be a significant contributing
factor to certain myopathies and the later stages of
neuronal degenerative diseases (16, 33). Although the
current study in Rab3A�/� mouse islet �-cells newly
reveals the potential of �-cell autophagy as a contrib-
uting factor in the pathogenesis of type 2 diabetes,
future experiments will be needed to reaffirm its part in
either the increased incidence of �-cell death and/or
secretory dysfunction that marks the onset/progres-
sion of the disease in humans.

MATERIALS AND METHODS

Materials

The EasyTag Expre35S35S Protein Labeling Mix from New
England Nuclear (Boston, MA), containing 73% of L-[35S]me-
thionine, was used for islet protein synthesis radiolabeling,
referred to as [35S]methionine. Uridine 5�-[�-32P]trisphos-
phate (3000 Ci/mmol) was purchased from Amersham Phar-
macia Biotech, Inc. (Piscataway, NJ). GLP-17–36 was pur-
chased from Bachem, Inc. (King of Prussia, PA). All other
reagents were of analytical grade and obtained from either
Sigma Chemical Co. (St. Louis, MO) or Fisher Scientific, Inc.
(Pittsburgh, PA).

Animals

The Rab3A�/� on a B6 background (B6129SF2/J) and
Rab3A�/� mice were obtained from The Jackson Laboratory
(Bar Harbor, ME) (26). Mice were housed on a 12-h light, 12-h
dark cycle and were allowed free access to standard mouse
food and water. Mice were used at 18–24 wk of age. Animal
experimentation was conducted in accord with accepted
standards of humane animal care as outlined by the National
Institutes of Health Guide for the Care and use of Laboratory
Animals and approved by the Institutional Animal Use and
Care Committees at the University of Chicago.

Islet Isolation and in Vitro Insulin Secretion

Pancreatic islets of Langerhans were isolated by collagenase
digestion followed by Histopaque-Ficoll density gradient
centrifugation as previously described (50). For static incu-
bations, 20–25 freshly isolated islets were preincubated in
500 �l Krebs-Ringer buffer (KRB) containing basal 2.8 mM

glucose and 0.1% BSA (wt/vol) for 60 min at 37 C, and then
incubated for a further 60 min in the same volume of KRB/
0.1% BSA containing basal 2.8 mM glucose, stimulatory 16.7
mM glucose, or 16.7 mM glucose � 1 nM GLP-1. After this
second incubation at 37 C, the media were removed and the
islets placed in 200 �l lysis buffer (50 mM HEPES, pH 7.5; 1%
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Nonidet P-40; 2 mM Na vanadate; 100 mM NaF; 4 mM EDTA;
1 �M leupeptin; 10 �g/ml aprotinin; 100 �M phenylmethylsul-
fonylfluroride), followed by sonication (25 W; 10 sec). The
media and lysate were then analyzed for insulin content by
mouse insulin RIA (Linco Research, Inc., St. Charles, MO) (4,
26).

RNA Analysis

The preproinsulin mRNA levels in islets were analyzed by the
RNase protection assay, using the Direct lysis kit (Ambion,
Inc., Austin, TX), as described previously (4). Essentially, RNA
was protected by [32P]uridine-labeled antisense RNA frag-
ments corresponding to the coding region of preproinsulin, or
to part of the GAPDH coding region (Ambion). Samples were
resolved on denaturing 5% acrylamide/Tris-borate EDTA-
buffered gels and analyzed by autoradiography.

An initial indication of the steady-state mRNA levels for
certain ATGs and lysosomal membrane-associated proteins
(LAMP-1 and -2) was by semiquantitative RT-PCR analysis
following methodology previously described for isolated is-
lets (51). Essentially, total RNA was extracted from freshly
isolated islet preparations from individual Rab3A�/� or
Rab3A�/� mice using RNAeasy kits (QIAGEN, Chatsworth,
CA) followed by DNase digestion to remove any contaminat-
ing DNA. The RNA was then converted to cDNA (Ready-
To-Go T-Primed First-Strand Kit, Amersham Pharmacia Bio-
tech (Piscataway, NJ). These cDNAs were used as templates
for PCRs using specific primers of annealing temperatures
between 60–65 C in the presence of MgCl2 and deoxynucle-
otide triphosphates. Amplification was generally between
24–28 cycles to be in the linear range. PCR products were
resolved on agarose gels and quantified using PerkinElmer
Optiquant Analysis Software (PerkinElmer, Wellesley, MA).
The apparent mRNA levels were relative to �-actin mRNA
control. The mouse nucleotide sequences of the primers
used were as follows. Preproinsulin-1: TGGTGCACTTCCTAC-
CCCT (forward), GCCTTA GTTGCAGTAGTTCTCC (reverse);
Preproinsulin-2: CTGTGGATGCGCTTCCT (forward), TTGCAG-
TAGTTCTCCAGCTGGTA (reverse); �-actin: AGGCGGACTGT-
TACTGAGC (forward), AACACCTCAAACCACTCCC (reverse);
ATG4: ATGGGAGTTGGCGAAGGCAAGTCTA (forward), CGT-
TAAAGTCTTCCTCCGTCTTAC (reverse); ATG5: CATCCACTG-
GAAGAATGACAG (forward), CATCCAGAGCTGCTTGTGGTCT
(reverse); ATG6 (also known as beclin-1): ACTGGACAC-
GAGCTTCAAGAT (forward), TTCCTCCTGGTCCAATCACA (re-
verse); ATG7: CAGCAAATGAGATCTGGGAAGCC (forward),
GCTTTAGGACAATCTGGGCTA (reverse); ATG8 (also known as
LC3): ATTACGTGAACATGAGCGAGC (forward), AGGAA-
GAGACTGCTCCTGAC (reverse); ATG10: TCGACACCACAT-
GTGGGAA (forward), GGTGATGTGAGATATTGCAGTCCCA
(reverse); ATG12: CCAAGGACTCATTGACTTCATC (forward),
AATAGAGGTCCCCTGAATAAGC (reverse); ATG16: AGTCCT-
GGACATGATGGTGCGT (forward), TCTCTTCTGTGTGGTCT-
GAGGT (reverse); LAMP-1: GAAAATGTTTCTGACCCCAGCCT
(forward), GTGTCATTTGGGCTGATGTTGAACGC (reverse);
LAMP-2: CCATTGGATGTCATCTTTAAGTGC (forward), GTT-
GAAAGCTGAGCCATTAG (reverse).

To confirm the specific decrease in LAMP-2 expression in
Rab3A�/� islets, a fluorescence-based quantitative real-time
RT-PCR method was applied as previously described (34),
using the same forward and reverse primers for �-actin,
LAMP-1, and LAMP-2 mRNA.

Immunoprecipitation

For analysis of proinsulin biosynthesis, isolated mouse islets
were preincubated at 37 C in 200 �l KRB/0.1% (wt/vol) BSA,
containing basal 2.8 mM glucose for 60 min, and for a further
60 min at either basal 2.8 mM or stimulatory 16.7 mM glucose.
The last 20 min of the incubation was carried out in the
additional presence of 250 �Ci/ml [35S]methionine to monitor

protein/proinsulin biosynthesis as described elsewhere (4,
50). Islets were washed then lysed in lysis buffer with soni-
cation (10 sec/25 W), and the lysates were subjected to
immunoprecipitation using guinea pig antibovine insulin
(Sigma) as described previously (4, 50). Immunoprecipitated
(pro)insulin was resolved by alkaline-urea gel electrophoresis.
Gels were fixed in 50% methanol/10% acetic acid, dried, and
quantified by phosphor imager analysis. Total protein syn-
thesis was analyzed by 10% (wt/vol) trichloroacetic acid pre-
cipitation of 5 �l aliquots of the same islet lysates as de-
scribed elsewhere (4, 50). The extent of specific glucose-
induced proinsulin biosynthesis was corrected for the smaller
effect of glucose on total protein synthesis.

For pulse-chase radiolabeling studies to examine proinsu-
lin conversion, isolated mouse islets were incubated in
batches of 50 at 37 C in 200 �l KRB/0.1% (wt/vol) BSA for 30
min at 16.7 mM glucose, and then for another 30-min pulse
under the same conditions but in the presence of 250 �Ci/ml
[35S]methionine. Islets were washed, and then chased for 0,
30, 60, 90, 120, or 180 min in 500 �l KRB/0.1% (wt/vol) BSA
at 37 C containing 1 mM methionine at basal 2.8 mM glucose
to minimize (pro)insulin secretion as previously established.
At each chase time point, islets were collected, washed,
lyzed by sonication, and subsequently immunoprecipitated
for (pro)insulin, with [35S]proinsulin/insulin processing ana-
lyzed by alkaline-urea gel electrophoresis as described
above. For longer (pro)insulin degradation pulse-chase radio-
labeling experiments a similar approach was taken, except
that a longer 90-min pulse in the presence of 250 �Ci/ml
[35S]methionine was used. In addition, as the chase incuba-
tion periods were much longer, these were conducted at 37
C in RPMI 1640 tissue culture medium (Invitrogen, Carlsbad,
CA) containing 2.8 mM glucose, 10% fetal bovine serum
(Hyclone Laboratories, Inc., Logan, UT), 100 U/ml penicillin,
and 100 �g/ml streptomycin (Invitrogen) for 5, 24, 48, or 96 h,
where the media was changed every 24 h.

High-Pressure Freezing and Freeze Substitution

After overnight culture in RPMI medium containing fetal bo-
vine serum 10% (vol/vol) and 7 mM glucose (Sigma), islets
were kept warm in culture medium buffered by the addition of
HEPES (10 mM) on a humidified heating block at 37 C before
freezing experiments. The sample holders used for high-
pressure freezing experiments were also prewarmed to 37 C.
Depending on size, 10–30 islets were gently manipulated into
one half of the holder prefilled with HEPES-buffered RPMI
containing fetal bovine serum 10% (vol/vol) and 7 mM glucose
(Sigma). All manipulations were carried out on Parafilm
placed on top of an inverted heating block warmed to 37 C
under a dissecting microscope. The second half of the sam-
ple holder, filled with RPMI containing 10% dialyzed Ficoll
(molecular mass, 70 kDa) and 0.5% Type IX ultra-low tem-
perature gelling agarose (Sigma) as extracellular cryopro-
tectants, was then placed on top of the half of the sample
holder containing the islets (32). Islets were frozen within
approximately 10 msec under high pressure (�2100 atmo-
spheres) using a Balzers HPM 010 high-pressure freezer
(BAL-TEC AG, Liechtenstein, Germany) and stored under
liquid nitrogen. Specimens were freeze substituted and plas-
tic embedded essentially as described previously (31).

Microtomy and Microscopy

Ribbons of serial thin (40–60 nm) sections cut from plastic-
embedded islets using a Leica UltraCut-UCT microtome
(Leica, Inc., Deerfield, IL) and collected onto Formvar-coated
copper slot grids were poststained with 2% aqueous uranyl
acetate and Reynold’s lead citrate to increase contrast when
viewed in the EM. Grids were surveyed on a conventional
electron microscope operating at 80 keV. Grids containing
300–400 nm-thick sections for tomographic analysis were
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lightly carbon coated to minimize charging in the EM. Colloi-
dal gold particles (10 or 15 nm) were deposited on both
surfaces of these sections for use as fiducial markers during
subsequent image alignment. Tilt series data were digitally
recorded as the sample grid was serially tilted at 1.5° angular
increments over a range of 120° (�60°) about two orthogonal
axes, and dual-axis tomograms (3D reconstructions) were
generated as detailed elsewhere (31, 32).

Statistical Analysis

Results are expressed as means � SE. Statistical analysis
was performed by unpaired Student’s t test or repeated
measure ANOVA, where P � 0.05 was considered significant.
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