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The monomeric small GTPase Rab27a is specifically localized on both secretory granules and lysosome-related 
organelles. Although natural mutations of the Rab27a gene in human Griscelli syndrome and in ashen mice 
cause partial albinism and immunodeficiency reflecting the dysfunction of lysosome-related organelles, phe-
notypes resulting from the defective exocytosis of secretory granules have not been reported. To explore the 
roles of Rab27a in secretory granules, we analyzed insulin secretion profiles in ashen mice. Ashen mice showed 
glucose intolerance after a glucose load without signs of insulin resistance in peripheral tissues or insulin defi-
ciency in the pancreas. Insulin secretion from isolated islets was decreased specifically in response to high glu-
cose concentrations but not other nonphysiological secretagogues such as high K+ concentrations, forskolin, 
or phorbol ester. Neither the intracellular Ca2+ concentration nor the dynamics of fusion pore opening after 
glucose stimulation were altered. There were, however, marked reductions in the exocytosis from insulin gran-
ules predocked on the plasma membrane and in the replenishment of docked granules during glucose stimula-
tion. These results provide the first genetic evidence to our knowledge for the role of Rab27a in the exocytosis 
of secretory granules and suggest that the Rab27a/effector system mediates glucose-specific signals for the 
exocytosis of insulin granules in pancreatic β cells.

Introduction
Membrane traffic is fundamental to the integrity of eukaryotic cells 
and is regulated by conserved protein families, such as soluble N-eth-
ylmaleimide–sensitive factor attachment protein receptors (SNAREs) 
and Rab GTPases. Compared with the established roles of SNARE 
proteins, which mediate membrane fusion through the formation 
of a 4-helix bundle in a protein complex, the functions of Rab pro-
teins often remain elusive. This may be because Rab proteins appear 
to play modulatory roles rather than mechanical ones and because 
they execute versatile functions by binding to various types of effec-
tor proteins. Furthermore, the potentially redundant functions of 
numerous Rab proteins differentiated in higher eukaryotes might 
obscure the phenotypes of individual mutants in genetic studies.

Among Rabs, the Rab27 subfamily, which consists of Rab27a and 
Rab27b, is known to function in regulated secretory pathways (1, 2).  
Each of these pathways harbors a specific organelle that stores 
bioactive substances and releases them in response to extracellular 
stimuli. Two major types of organelles can be distinguished by their 
morphological appearance, release kinetics, and biogenesis: synaptic 
vesicles in neurons and secretory granules in endocrine and exocrine 
cells (3). Recently, a third class of organelles, those that are released 
in a regulated fashion, has been identified; these are called lysosome-
related organelles or secretory lysosomes (4). These organelles, which 

include melanosomes in melanocytes and lytic granules in cytotoxic  
T-lymphocytes, have unique biogenesis related to lysosomes and 
distinct modes of exocytosis. Rab27a and/or Rab27b are commonly 
located on these secretory organelles and regulate the exocytosis using 
multiple effector proteins (5, 6). Importantly, mutations of the Rab27a 
gene discovered in human Griscelli syndrome (7) and in the mouse coat-
color mutant ashen (8) cause partial albinism and immunodeficiency, 
reflecting the dysfunction of lysosome-related organelles. By contrast, 
phenotypes that result from defects in the exocytosis of secretory gran-
ules have not been reported either in these human subjects or in mice, 
although Rab27a is clearly demonstrated to be localized on secretory 
granules and to affect hormone secretion in endocrine cells (9).

In the present study, we examined the exocytosis of insulin gran-
ules of Rab27a-mutated ashen mice, because the functional roles 
of Rab27a and its effector granuphilin have been most extensively 
studied among secretory granules (9–12). By using various mor-
phological, physiological, and biochemical techniques, we found 
that insulin secretion is impaired specifically in response to a phys-
iological secretagogue, glucose, but not to other, nonphysiological 
secretagogues. The exocytosis from insulin granules predocked on 
the plasma membrane and the refilling of docked granules during 
glucose stimulation were markedly affected in pancreatic β cells 
of ashen mice. This study is the first to our knowledge to provide 
in vivo genetic evidence for the role of Rab27a in the exocytotic 
pathway of secretory granules.

Results
Expression of Rab27a, Rab27b, and granuphilin in pancreas. We first 
examined the expression of Rab27a and its related molecules in 
pancreatic islets (Figure 1A). As described previously (9), Rab27a 

Nonstandard abbreviations used: [Ca2+]i, intracellular Ca2+ concentration; KATP 
channel, ATP-sensitive K+ channel; PMA, phorbol-12-myristate-13-acetate; SNARE, 
soluble N-ethylmaleimide–sensitive factor attachment protein receptor; TIRFM, total 
internal reflection fluorescence microscopy.
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protein was highly expressed in pancreatic islets of control C3H/He  
mice. By contrast, it was not detected in the islets of ashen mice, 
which is consistent with previous reports showing the lack of 
detectable Rab27a protein in ashen-derived cytotoxic T lympho-
cytes (13, 14) and platelets (15). Because the Rab27a protein is 
truncated due to a splice site mutation in ashen mice (8), the 
mutant protein either is unstable or loses its immunoreactivity. 
In either case, the mutant Rab27a protein is probably nonfunc-
tional because it lacks some of the GTP-binding pockets. Rab27b, 
on the other hand, was barely detectable in the islets but was sig-
nificantly expressed in the pituitary of control mice, as reported 
previously (16). The expression level of granuphilin, a Rab27a 
effector in pancreatic β cells (9), was not altered in ashen islets, 
in contrast to another Rab27a effector, melanophilin, which is 
severely downregulated in ashen melanocytes (17).

Immunohistochemical analysis of mouse pancreas specimens 
confirmed that Rab27a was expressed in insulin-positive β cells of 
control C3H/He mice, as reported previously (9), but not in those 
of ashen mice (data not shown). By contrast, Rab27b was expressed 
in exocrine and peripheral islet cells, but not in β cells (H. Gomi, 
S. Zhao, and T. Izumi, unpublished observations). The islet archi-
tecture of ashen mice was normal, including a mantle structure 
between β and non-β cells, and the expression levels of pancre-
atic hormones were not significantly reduced in ashen islets (data 
not shown, but see Figure 1B). While the lack of Rab27a did not 
affect the expression level of its effector granuphilin (Figure 1A), its 
intracellular location was significantly affected. The distribution of 
granuphilin was distinguishably shifted to the plasma membrane in 
ashen β cells compared with its diffuse cytoplasmic distribution in 
control β cells (Figure 1B). Alteration in the subcellular localization 
in Rab27a-deficient β cells strongly supports our previous propos-
als that granuphilin is associated with secretory granules through 
Rab27a and that it is an effector of Rab27a, but not of Rab3a, in 
vivo, despite its affinities to both Rab proteins in vitro (9).

Glucose tolerance and related in vivo phenotypes. Because Rab27b is 
coexpressed and functionally redundant with Rab27a in platelets 
(15), the lack of Rab27b in the pancreatic β cells of ashen mice 
makes them an excellent subject of study for the evaluation of 
Rab27a function. We first examined in vivo phenotypes that 
might be affected by potential insulin secretion defects in ashen 
β cells. Body weight (Figure 2A) and blood glucose levels exam-
ined in mice fed ad libitum (data not shown) or in fasting mice 
(Figure 2B) did not differ between ashen and C3H/He mice. Blood 
glucose levels after a glucose load, however, were significantly 
higher in ashen mice (Figure 2B). Although it is generally difficult 
to measure small changes in plasma insulin levels accurately from 
a limited amount of samples in mice, unless they have marked 
hyperinsulinemia (see the examples in ref. 18), plasma insulin 
levels at fasting or during a glucose tolerance test were not sig-
nificantly different, except at 120 minutes after the glucose load, 
at which point the levels were slightly higher in ashen mice (data 
not shown). Although the hyperglycemia with normoinsulinemia 

Figure 1
Expression of Rab27a, Rab27b, and granuphilin in pancreatic islets. 
(A) An equal amount of protein (20 μg) from the pancreatic islets of  
17-week-old male C3H/He (lane 1) and ashen mice (lane 2) was 
separated by electrophoresis for immunoblotting with anti-Rab27a, 
anti-Rab27b, or anti-granuphilin (αGrp-aC) antibodies. The expres-
sion levels of α-tubulin were also examined for normalization. For the 
immunoblotting with anti-Rab27b and anti–α-tubulin antibodies, 20 μg 
of protein from the pituitary of C3H/He mice were loaded on lane 3 for 
the reference. Numbers to the left of each panel are molecular masses 
in kDa. (B) The pancreas organs of 17-week-old male C3H/He (upper) 
or ashen mice (lower) were immunostained with anti-granuphilin anti-
bodies (αGrp-N). Granuphilin is distinguishably concentrated along the 
plasma membrane in ashen β cells (arrowheads) compared with control 
β cells, although the expression levels are similar. Scale bar: 20 μm.

Figure 2
In vivo phenotypes of ashen and C3H/He mice. All the phenotypes 
were derived from male C3H/He (white bars or open circles) or ashen 
(black bars or filled circles) mice. Body weight (A), blood glucose con-
centrations during an intraperitoneal glucose tolerance test (B), and 
total insulin content in the pancreas (D) were measured at 15 weeks 
of age. An intraperitoneal insulin tolerance test (C) was performed at 
16 weeks of age, and its results are expressed as a percentage of the 
initial blood glucose concentration. Values are mean ± SE (A and B,  
n = 8 for C3H/He, n = 7 for ashen; C, n = 5 for C3H/He and ashen; D,  
n = 8 for C3H/He and ashen). The statistical significance of differ-
ences between means was assessed by Student’s t test. *P < 0.05,  
**P < 0.005, ***P < 0.0005 vs. C3H/He mice.
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or slight hyperinsulinemia upon glucose challenge might suggest 
the presence of insulin resistance, insulin tolerance tests (0.75 U 
human insulin/kg body weight) revealed comparable insulin sen-
sitivity between ashen and control mice (Figure 2C). The tests with 
smaller doses of insulin (0.1–0.5 U/kg) after overnight fasting also 
showed similar insulin sensitivity (data not shown). Insulin con-
tent in total pancreas was increased by 1.3-fold in ashen mice com-
pared with controls (Figure 2D), which may reflect an impairment 
of insulin secretion. These findings indicate that ashen mice have 
glucose intolerance without signs of insulin resistance in periph-
eral tissues or absolute insulin deficiency in pancreatic β cells.

Insulin secretion prof iles in perifused islets.  Because the 
overexpression of active forms of Rab27a has been shown to aug-
ment insulin secretion in the cultured β-cell line MIN6 (9), the 
lack of functional Rab27a may induce insulin secretion defects in 
ashen mice. We incubated pancreatic islets, isolated from C3H/He 
or ashen mice, overnight in culture medium to decrease potential 
environmental effects, such as differences in blood glucose levels, 
in vivo. They were then examined for the ability to secrete insulin 
in response to several secretagogues by perifusion analyses. Insu-
lin secretion in response to a high glucose level (16.7 mM) was 
significantly reduced in both the first (approximately 5 minutes) 
and second phases in ashen islets (repeated measure ANOVA,  
P < 0.0001), and the accumulated glucose-induced insulin secretion  

over 30 minutes was diminished by approximately 50% compared 
with the control islets (Figure 3A). Surprisingly, the reduction 
in insulin release was specific to glucose stimulation. Insu-
lin secretion in response to depolarization induced by high K+ 
concentration (60 mM) was normal in ashen islets (Figure 3B).  
Furthermore, both forskolin (activator of adenylate cyclase) and 
phorbol-12-myristate-13-acetate (PMA; protein kinase C activa-
tor) stimulated insulin secretion in the presence of high glucose 
levels indistinguishably between ashen and control islets (Figure 3,  
C and D). These findings indicate that the defect in insulin secre-
tion in ashen islets does not simply reflect a general decrease in 
the releasable pool of granules. Consistent with this idea, insulin 
secretion was normal even after repeated exposure to high con-
centrations of K+ in ashen islets (Figure 3F). By contrast, insulin 
secretion was decreased at each of the repeated exposures to the 
glucose stimuli (Figure 3E; P < 0.0001), suggesting that Rab27a is 
specifically required for the replenishment of a pool of granules 
released by glucose.

The stimulation with high K+, forskolin, or PMA induced much 
higher insulin secretion compared with the 16.7 mM glucose 
stimulation (note differences in the ordinates of each panel in 
Figure 3). Stronger stimuli might have obscured subtle functional 
differences between the 2 kinds of islets. The lower concentrations 
of KCl (20 mM or 30 mM) induced an insulin secretion at the 

Figure 3
Insulin secretion profiles of perifused islets. Insulin secretion was examined in islets isolated from age-matched (15–17 weeks of age) male C3H/He 
(open symbols) or ashen mice (filled symbols). The islets were stabilized by perifusion of standard low-glucose (2.8 mM) Krebs-Ringer buffer for 
10 minutes, after which an appropriate secretagogue was applied. (A and B) Islets were stimulated by 16.7 mM glucose for 30 minutes (A; n = 9 
for each strain) or with 60 mM KCl for 15 minutes (B; n = 6). (C and D) Islets were stimulated by 16.7 mM glucose for 30 minutes in the continuous 
presence of either forskolin (C, 10 mM; n = 8) or PMA (D, 0.5 mM; n = 8). (E and F) Islets were stimulated 4 times by either 16.7 mM glucose for 20 
minutes (E; n = 3) or by 60 mM KCl for 10 minutes (F; n = 3), with 10-minute intervals of the standard buffer. (G) Islets were stimulated by 60 mM 
(squares), 30 mM (circles), or 20 mM KCl (triangles) for 15 minutes, followed by the standard buffer for 15 minutes (n = 3 for each condition and 
strain). (H) Islets were perifused with buffer containing 250 μM diazoxide and 16.7 mM glucose for 10 minutes. They were further perifused with the 
buffer containing 30 mM KCl for 30 minutes, in the continuous presence of diazoxide and glucose (n = 3 for each strain). Values are mean ± SE.
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peak that was equivalent to that induced by 16.7 mM glucose dur-
ing perifusion of the control islets (Figure 3, A and G). The same 
treatment in ashen islets evoked an indistinguishable amount 
and manner of insulin secretion (Figure 3G). Therefore, ashen β 
cells showed specific defects in insulin secretion in response to 
glucose, but not to high K+, independent of the strength of the 
depolarization stimuli. These findings indicate qualitative dif-
ferences in the mode of exocytosis induced by glucose and that 
induced by other, nonphysiological secretagogues.

Although high K+ stimulation physically induces membrane 
depolarization and a subsequent rise of intracellular Ca2+ concen-
tration ([Ca2+]i), glucose stimulates intracellular metabolism and 
ATP production, which is thought to induce additional effects as 
well as triggering depolarization by the closure of ATP-sensitive 
K+ (KATP) channel. This amplifying effect by glucose has classically 
been evaluated by the amount of insulin secreted in the presence 
of diazoxide, an opener of KATP channels (19, 20). As expected, 
250 μM diazoxide inhibited insulin secretion induced by 16.7 mM 
glucose in both ashen and control islets (see the insulin secretion 
during the first 10 minutes in Figure 3H). To induce insulin secre-
tion, the islets were depolarized by 30 mM KCl in the continu-
ous presence of diazoxide and 16.7 mM glucose. The amount of 
insulin secreted was not significantly different, though slightly 
reduced, in the ashen islets compared with the control islets  
(Figure 3H). These findings suggest that the amplifying pathway 
by glucose is largely intact in ashen β cells.

Analysis of the exocytosis of insulin granules by two-photon excitation 
imaging. To explore the mechanism responsible for the decrease 
in glucose-induced insulin secretion, we directly examined the 
exocytosis of granules by 2-photon excitation imaging (21). This 
newly innovated morphological technique enables us to precisely 
monitor individual exocytotic events per the constant area, as well 
as other parameters relevant to exocytosis, in isolated islets. Both 
the amplitude and time course of the glucose-induced rise in Ca2+ 
concentration measured using Fura-2 was not different between 
ashen and C3H/He mice (Figure 4 and Table 1), which suggests 

normal glucose metabolism and ATP production in ashen β cells. 
Fusion pore dynamics examined by measuring latency for the 
onset of staining with fluorescent markers of different sizes was 
also unchanged in ashen islets (Table 1). However, the exocytotic 
events during the first and second 5 minutes were significantly 
reduced (Table 1), which is consistent with the findings of the 
perifusion assays (Figure 3A). These results independently dem-
onstrated the reduction of glucose-induced fusion events and 
excluded the possibility of changes in the dynamics of [Ca2+]i or 
fusion pore opening in ashen islets.

Analysis of the exocytosis of insulin granules by total internal reflection 
fluorescence microscopy. We next utilized total internal reflection flu-
orescence microscopy (TIRFM) to investigate the exocytotic events 
occurring just beneath the plasma membrane in isolated pancre-
atic β cells. TIRFM detects cytoplasmic events within 100 nm of 
the plasma membrane (22). We first immunostained endogenous 
insulin in fixed pancreatic β cells. Because fluorescent imaging by 
TIRFM can depict the single insulin granules closely associated 
with the plasma membrane (23), we counted the number of mor-
phologically docked granules (Figure 5A). The ashen β cells showed 
a marked decline in the number (130 ± 34 per 200 μm2 in ashen β 
cells vs. 219 ± 34 per 200 μm2 in C3H/He β cells; n = 24 for ashen 
and n = 21 for C3H/He) to 59% of normal levels (P < 0.0001). These 
findings suggest that granules docked onto the plasma membrane 
are reduced in ashen β cells.

We then observed fusion events of fluorescence-labeled gran-
ules by TIRFM in live β cells that had been infected with an 
adenovirus encoding GFP-tagged insulin (23). The fusion events 
in response to 30 mM KCl occurred predominantly during the 
first 5 minutes after the stimulation and were not significantly 
different between ashen and control β cells (40.1 ± 5.9 in 0–5 min-
utes in ashen β cells vs. 56.7 ± 6.9 in 0–5 minutes for C3H/H3  
β cells, n = 4 each). There were no significant differences in the 
exocytosis of previously docked granules (4.5 ± 2.1 in ashen β cells 
vs. 7.5 ± 2.0 in C3H/He β cells) or in that of newly recruited gran-
ules (34.4 ± 4.4 in ashen β cells vs. 47.7 ± 6.9 in C3H/He β cells). The 

Figure 4
The rise in cytosolic Ca2+ concentration in response to glucose stimu-
lation. The cytosolic Ca2+ concentration was measured using Fura-2 
acetoxymethyl ester by two-photon excitation imaging in pancreatic β 
cells of either C3H/He (gray) or ashen (black) mice and was repre-
sented by (F0–F)/F0, where F0 and F stand for resting and fluorescence 
and fluorescence after 20 mM glucose stimulation, respectively. Mean 
values are shown (n = 4).

Table 1
Analysis of the exocytosis of insulin granules by 2-photon excita-
tion imaging

 C3H ashen

Increase in the cytosolic Ca2+ concentration in response to  
 12 mM glucose
(F0–F)/F0 0.60 ± 0.03 0.63 ± 0.02A

 (n = 10) (n = 15)

Exocytotic events within an arbitrary area (2,000 μm2) 
 in response to 20 mM glucose
First phase (0–300 seconds) 48.3 ± 8.0 28.8 ± 7.3B

Second phase (300–600 seconds) 48.6 ± 10.8 39.8 ± 6.1C

 (n = 5) (n = 5)

Latency (s) for the onset of staining with sulforhodamine B  
 (about 1.4 nm) relative to that of staining with  
 10-kDa dextran (about 6 nm)
  1.6 ± 0.18 2.0 ± 0.21A

 (n = 25) (n = 31)

The statistical significance of differences between means was assesed 
by Student’s t test. ANS (P > 0.05). BP < 0.005. CP < 0.025.
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fusion events in response to 16.7 mM glucose, however, were sig-
nificantly decreased (Figure 5B; 15.4 ± 2.5 in 0–5 minutes in ashen 
β cells vs. 34.5 ± 5.6 in 0–5 minutes in C3H/He β cells, P < 0.05;  
and 32.5 ± 4.2 in 5–16 minutes vs. 72.4 ± 11.5 in 5–16 minutes,  
P < 0.0001; n = 24 for ashen and n = 21 for C3H/He). Remarkably, 
few fusion events occurred from previously docked granules in 
ashen β cells (5.8 ± 1.3 in 0–16 minutes in ashen β cells vs. 26.3 ± 4.3  
in 0–16 minutes in C3H/He β cells). The exocytosis of newly 
recruited granules was relatively modestly affected, although 
it was also significantly reduced (42.1 ± 4.2 in 0–16 minutes in 
ashen β cells vs. 80.6 ± 11.2 in 0–16 minutes in C3H/He β cells). 
We then analyzed the changes in the total number of docked 
granules during glucose stimulation using the TIRFM images. 
Comparison of the numbers of docked granules in the identi-
cal area before and after glucose stimulation should eliminate 
the effect of potential differences in infection efficiency between 
cells. The number of docked granules after 15 minutes of glu-
cose stimulation remained 80.3% ± 2.1% of the initial number 
in the control β cells (Figure 5C). By contrast, it was markedly 
decreased to 32.1% ± 6.6% in ashen β cells, indicating that refilling 
of the pool of docked granules is defective.

Analysis of insulin granules by EM. We next performed the EM 
examination of pancreatic β cells from fixative-perfused mice. It 
did not reveal any obvious alterations in the number, distribution, 
or appearance (dense-core formation) of granules in ashen β cells 
(data not shown, but see Figure 6A), except that the average diame-
ter was slightly decreased (298 ± 7 nm in ashen β cells vs. 322 ± 7 nm 
in C3H/He β cells, P < 0.05; n = 24 for ashen and n = 25 for C3H/He;  
note that the values represent the mean of the profile diameter in 
sections but not that of the maximum diameter). To determine 
whether any of the changes in glucose-stimulated exocytosis iden-
tified here are correlated with the finding of EM, islets were first 
isolated from mice and incubated with either 2.8 mM or 25 mM 
glucose, and then chemically fixed and subjected to morphometric 
analysis (Figure 6A). Granules were divided according to the dis-
tance from their center to the plasma membrane, and the density 
of granules in concentric shells below the plasma membrane was 
calculated relative to the average density of all cytoplasmic gran-
ules. Although the density of granules whose centers were located 
300–500 nm from the plasma membrane was not significantly dif-
ferent from the average, the density of granules whose centers were 
located within 100 nm of the plasma membrane was much lower 

Figure 5
TIRFM analysis of the exocytosis of insulin granules. (A) Pancreatic β cells from either C3H/He (left) or ashen (right) mice were fixed, 
immunostained with anti-insulin antibodies, and observed by TIRFM. The surrounding lines represent the outline of cells that are attached to the 
cover glass. Scale bar: 5 μm. (B) Pancreatic β cells of either C3H/He (upper) or ashen (lower) mice were infected with adenoviruses encoding 
insulin-GFP. Evanescent images in live cells were acquired every 300 milliseconds after glucose stimulation. The fusion events per 200 μm2 
were manually counted. The histograms show the number of fusion events at 60-second intervals after high-glucose (16.7 mM) stimulation. 
The black bars show the fusion from previously docked granules, whereas the white bars represent that from newly recruited granules. Values 
are mean ± SE (n = 24 for ashen and n = 21 for C3H/He mice). The statistical significance of differences between means were assessed by 
repeated-measures ANOVA. (C) The number of morphologically docked granules was counted on the TIRFM images of pancreatic β cells that 
had been infected with adenoviruses encoding insulin-GFP. The number after a glucose stimulation (16.7 mM, 15 minutes) was normalized to 
that prior to the stimulation in the identical area (200 μm2) of C3H/He (open circles) or ashen (filled circles) β cells. Values are mean ± SE (n = 4).  
The statistical significance of differences between means was assessed by Student’s t test. *P < 0.0005 vs. C3H/He mice.
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in both nonstimulated and stimulated control β cells (Figure 6B, 
left). Given that the diameter of insulin granules is 300–350 nm, 
which is equivalent to the previously reported value (24), the latter 
finding is not surprising because the center of granules should 
not approach the plasma membrane within their radius. By con-
trast, the density of granules whose centers reside at 100–300 nm 
significantly increased above the average, which may indicate the 
accumulation of granules docked onto the plasma membrane. 
This fraction is thought to correspond to the granules visualized 
by TIRFM considering the TIRFM coverage area (within 100 nm 
from the plasma membrane) and the mean diameter of granules 
(300–350 nm). Interestingly, the density of this fraction was sig-
nificantly augmented by the exposure to 25 mM glucose in the 
control β cells. By contrast, the glucose-dependent accumulation 
of granules beneath the plasma membrane was lacking in ashen 
β cells, although the densities of other fractions were not signifi-
cantly different from those in the control β cells (Figure 6B, right). 
These findings suggest that glucose has the ability to replenish 
a pool of docked granules and that this glucose-driven refilling 
process is impaired in ashen β cells.

Complex formation between granuphilin and syntaxin 1a. We previ-
ously demonstrated that the Rab27a effector granuphilin directly 
interacts with syntaxin 1a, a SNARE protein on the plasma mem-
brane (11), and that wild-type granuphilin, but not its mutants that 
are defective in binding to either Rab27a or syntaxin 1a, promotes 
the plasma membrane targeting of insulin granules (12). These 
findings suggest that granuphilin tethers insulin granules and 
the plasma membrane through interactions with Rab27a and syn-
taxin 1a, respectively. To examine the complex formation between 
granuphilin and syntaxin 1a, coimmunoprecipitation experiments 
were performed with lysates of isolated islets. Although the expres-
sion levels of syntaxin 1a and granuphilin were similar between 
ashen and control islets, the amount of syntaxin 1a coprecipitated 

with anti-granuphilin antibodies was significantly decreased in 
ashen islets (Figure 7A, lower panel). The reduction was specific, 
because the amount of another complex containing syntaxin 1a 
with Munc18-1 (25) was comparable between ashen and control 
islets (Figure 7A, upper panel). This finding is compatible with our 
previous finding that active Rab27a promotes complex formation 
between granuphilin and syntaxin 1a (11) and may explain the 
decreased docking of insulin granules with the plasma membrane 
in ashen β cells. Quantification in independent experiments revealed 
that the amount of granuphilin/syntaxin 1a complex was reduced 
to approximately 60% compared with the control (Figure 7B);  
this value is roughly equivalent to the degree of decrease in the 
number of docked granules (Figure 5A). The decreased complex 
formation between syntaxin 1a and granuphilin also indicated 
that the redistribution of granuphilin to the peripheral plasma 
membrane region in ashen β cells (Figure 1B) is not due to the 
increased association with syntaxin 1a.

Figure 6
Ultrastructure of the pancreatic β cells. (A) Electron micrographs of 
β cells were taken in nonstimulated (upper) or glucose-stimulated 
(lower) islets of C3H/He (left) and ashen (right) mice. Scale bar: 1 μm.  
(B) Relative density of granules below the plasma membrane in non-
stimulated (white bars) or glucose-stimulated (black bars) β cells of 
C3H/He (left) and ashen (right) mice is shown as a function of the 
distance from granule center to the plasma membrane (nm). Data are 
represented as a percentage of the granule density in each concentric 
shell below the plasma membrane relative to the average density in 
cytoplasm (100% = number of total granules per the area of cyto-
plasm, that is, the cell area minus the nuclear area). Values are mean 
± SE (n = 10). The statistical significance of differences between 
means was assessed by Student’s t test. *P < 0.05.

Figure 7
Protein interactions of syntaxin 1a in pancreatic islets. (A) Protein 
interactions of syntaxin 1a with either Munc18-1 (upper) or granuphilin-
a (lower) were analyzed in extracts of C3H/He or ashen islets. The 
amount of Munc18-1, granuphilin-a, and syntaxin 1a in each lysate 
(5 μg, left) and 30–40% of the immunoprecipitates of Munc18-1 or 
granuphilin-a (right) were examined by immunoblotting with the anti-
bodies indicated. (B) Results of coimmunoprecipitation experiments 
independently performed as described in A were gathered for statistics. 
Relative intensities of syntaxin 1a signals in ashen mice (black bars) to 
those in C3H/He mice (white bars) were calculated and expressed as 
mean ± SE from 7 (vs. Munc18-1) and 6 (vs. granuphilin-a) immunoblot 
preparations. When analyzed by a Wilcoxon signed-ranks test, ashen 
islets showed significantly reduced interaction of syntaxin 1a with 
granuphilin-a (*P = 0.027), but not with Munc18-1.
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Discussion
We demonstrate here that insulin secretion in response to a 
physiological stimulus, glucose, is significantly reduced in ashen 
β cells by 3 independent analyses, which included perifusion,  
2-photon excitation imaging, and TIRFM techniques. The pos-
sibility of absolute insulin deficiency is excluded because the 
insulin content in the ashen pancreas is slightly elevated. Neither 
the rise of [Ca2+]i nor the dynamics of fusion pore opening after 
a glucose load is altered. These findings indicate that the defect 
lies in the glucose-stimulated secretory pathway somewhere after 
the increase in [Ca2+]i and before the formation of a fusion pore. 
TIRFM analysis consistently documented reductions in the num-
bers of docked granules onto the plasma membrane and in the 
exocytosis from predocked granules. It also showed that docked 
granules are not efficiently refilled during glucose stimulation 
in ashen β cells. Furthermore, EM analysis revealed the glucose-
dependent accumulation of granules beneath the plasma mem-
brane in control β cells, but not in ashen β cells. These findings 
indicate a defect in the replenishment of docked granules during 
glucose stimulation in ashen β cells.

The relatively modest findings by EM compared with those by 
TIRFM about the differences in the number and refilling of docked 
granules likely result from technical differences inherent between 
the 2 methods. TIRFM directly observes the plasma membrane, a 
fusion site, as a 2-dimensional area of a monolayer cell, although 
the contact zone with the glass coverslip might be artificially affect-
ed by reorganization of the cytoskeleton. On the other hand, EM 
detects the plasma membrane as a contour of a cell embedded in 
tissue. Because less than 5% of granules in the section should be 
released during glucose stimulation when the amount of insu-
lin secreted is estimated relative to the content in cells, it might 
be difficult to capture resultant morphological changes by EM. 
Moreover, docked granules themselves may be difficult to identify 
because there is no specialized docking site like the active zone for 
synaptic vesicles. It was previously reported that a population of 
docked granules can be identified by EM only in unfixed, quickly 
frozen cells (26). Even by using such cryopreservation methods, 
however, there are discrepant findings concerning the accumula-
tion and preferential exocytosis of morphologically docked gran-
ules in chromaffin cells (26, 27). Despite these technical differences 
and difficulties, our TIRFM and EM findings indicate that the dys-
function of Rab27a affects glucose-driven refilling of docked gran-
ules and thus reduces glucose-induced exocytosis in both early and 
late phases. This notion is further corroborated by the perifusion 
data that insulin secretion is significantly decreased at each of the 
repeated exposures to the glucose stimuli in ashen β cells.

In contrast to glucose stimulation, ashen β cells do not reveal any 
decrease of insulin secretion in response to high K+, whether it is 
given once or repeatedly, or in response to other pharmacological 
enhancers. Although disturbance of vesicle transport by altera-
tion of Rab protein is not surprising, the secretagogue-specific 
defect in exocytosis identified here was unexpected. What mecha-
nism is underlying this phenomenon? It is unlikely that glucose 
metabolism itself is impaired by the Rab27a mutation. Indeed 
the amplitude and time course of [Ca2+]i increase in response to 
glucose, which is dependent on ATP generation through glucose 
metabolism, is indistinguishable between ashen and control β 
cells. Furthermore, high K+– and glucose-induced insulin secre-
tion measured in the presence of diazoxide, which is thought 
to reflect a pathway amplified by glucose metabolism (19, 20),  

is largely intact in ashen β cells. These findings indicate that the 
suppression of glucose-stimulated insulin secretion does not 
involve an effect on glucose metabolism per se. Although both 
high K+ and glucose induce membrane depolarization and sub-
sequent Ca2+ influx through activation of voltage-dependent 
Ca2+ channels in pancreatic β cells, the mechanism for inducing 
depolarization is different. High K+ induces it physically, whereas 
glucose does so by closing KATP channels through the ATP pro-
duction. Accordingly, the 2 stimuli elicit distinct patterns and 
time courses of [Ca2+]i change (20, 24). High K+ elicits a large but 
transient peak of elevated [Ca2+]i, which returns spontaneously 
towards the prestimulatory level despite the continuous presence 
of high K+, whereas glucose induces a biphasic response in [Ca2+]i, 
consisting of an initial large increase and long-lasting oscillations 
that remain throughout the glucose application. These distinct 
[Ca2+]i changes might differentially affect the action of Rab27a 
and its effectors by influencing protein-protein or protein-lipid 
interactions. Another possibility is that glucose generates signals 
other than [Ca2+]i that act on the Rab27a system. It has recently 
been reported that glucose-induced reduction of the cytoplasmic 
ADP concentration activates phosphatidylinositol 4-kinase activ-
ity in pancreatic β cells and that the resultant increase in phos-
phoinositides enhances the number of releasable granules (28). 
The production of phosphoinositides on the plasma membrane 
might recruit Rab27a effectors because many of them contain C2 
domains that have potential affinity to these lipids (1, 6).

The function of Rab27a in the docking process of insulin gran-
ules is consistent with the known property of granuphilin, a prin-
cipal Rab27a effector in pancreatic β cells. It has been shown that 
granuphilin directly binds to the plasma membrane-anchored 
SNARE, syntaxin 1a, and that active Rab27a enhances the complex 
formation in the β cell line MIN6 (11). Furthermore, wild-type 
granuphilin, but not its mutants that are defective in binding to 
Rab27a or syntaxin 1a, promotes the plasma membrane targeting 
of insulin granules (12). Moreover, previous TIRFM analysis has 
shown that insulin granules are preferentially docked to syntaxin 
1a clusters in the intact plasma membrane of MIN6 cells (29). The 
correlated reductions in the docking of granules and the complex 
formation in ashen β cells, shown here, further support a role of the 
interaction between granuphilin and syntaxin 1a in the docking 
process. It is possible, however, that granuphilin also mediates this 
process by other mechanisms. As described above, its C-terminal 
C2 domains may contribute to the docking process through an 
affinity to membrane phospholipid, because granuphilin appears 
to associate with the plasma membrane even when its interaction 
with syntaxin 1a is decreased in ashen β cells.

In summary, the present study has provided the first genetic 
documentation to our knowledge for the role of Rab27a in the 
exocytosis of secretory granules. It also has given an insight into 
physiological aspects of insulin secretion. Our findings suggest 
that glucose promotes the replenishment of a pool of docked gran-
ules by using the activity of Rab27a. The defect in the docking of 
granules in ashen β cells is reminiscent of the finding that ashen lytic 
granules do not reach the plasma membrane at the immunologi-
cal synapse, although they are polarized to the target cell interface 
(14). There is, however, a marked difference between the 2 organ-
elles in terms of their efficiencies of exocytosis. Although ashen 
lytic granules are almost incapable of subsequent fusion (13, 14),  
ashen secretory granules are substantially released. The significance 
of Rab27a in physiological insulin secretion is supported by the 
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in vivo glucose intolerant phenotype of ashen mice. Patients with 
Griscelli syndrome may also exhibit glucose intolerance, although 
most of them die in childhood from hemophagocytotic syndrome 
without bone-marrow transplantation (30).

Methods
Mice, phenotypic characterization, and tissue preparation. All animal experi-
ments were performed in accordance with the rules and regulations of the 
Animal Care and Experimentation Committee, Gunma University, Showa 
Campus. The ash/ash (C3H/He background) and control C3H/He mice 
were kindly provided by N.A. Jenkins (National Cancer Institute, Fred-
erick, Maryland, USA). All mice were weaned at 4 weeks of age and had 
free access to water and standard laboratory chow (CE-2; CLEA Japan) 
in an air-conditioned room with a 12-hour light/12-hour dark cycle. An 
intraperitoneal glucose tolerance test (1 g glucose/kg body weight) and 
an intraperitoneal insulin tolerance test (0.75 U human insulin/kg body 
weight) were performed as described previously (18). Blood glucose levels 
were determined by a glucose oxidase method using Glutest sensor and 
Glutest Pro GT-1660 (Sanwa Kagaku Kenkyujyo). The plasma insulin 
concentration was measured by a LBIS mouse insulin ELISA kit (U-type; 
Shibayagi Co.). For the measurement of insulin content, the pancreata 
were excised and weighed, and each was then cut into small pieces and fro-
zen by liquid nitrogen. Insulin was extracted by homogenization using a 
glass-Teflon homogenizer (1,300 rpm, 30 strokes) in an acid-ethanol solu-
tion (70% ethanol and 0.18 M HCl) and then by sonication for 20 seconds. 
After centrifugation at 3,000 g for 10 minutes, the immunoreactive insulin 
in the supernatant was measured as described previously (31).

Immunoblotting and immunostaining analyses. Rabbit anti-granuphilin anti-
bodies, αGrp-aC that recognizes granuphilin-a (10) and αGrp-N that rec-
ognizes both granuphilin-a and -b (9), and rabbit anti-Rab27b antibodies 
against glutathione-S-transferase–fused mouse Rab27b protein (16) were 
previously described and characterized. Mouse anti-Rab27a and anti– 
α-tubulin monoclonal antibodies were purchased from BD Biosciences 
— Pharmingen and Sigma-Aldrich, respectively. Immunoblotting and 
immunostaining analyses were performed as described previously (16).

Perifusion assays in isolated islets. Islets were isolated from cervically dislo-
cated mice by pancreatic duct injection of 500 U/ml of collagenase solution 
(type XI; Sigma-Aldrich) followed by digestion at 37°C for 30 minutes with 
mild shaking, as described previously (31). Islets were picked up by hand 
selection under a dissecting microscope and cultured overnight in RPMI 
1640 medium (11 mM glucose) supplemented with 7.5% fetal calf serum,  
100 units/ml penicillin, and 100 μg/ml streptomycin. Thirty islets were 
placed at the bottom of a 1-ml syringe that had been cut to a volume of 400 μl  
and plugged with cotton. They were perifused with low-glucose Krebs-
Ringer buffer (15 mM HEPES [pH 7.4], 120 mM NaCl, 5 mM KCl, 2 mM 
CaCl2, 1 mM MgCl2, 24 mM NaHCO3, 0.1% bovine serum albumin, and 2.8 
mM glucose) at a constant flow rate of 1.0 ml/min for 30 minutes. After 
this stabilization period, they were further perifused with the same buffer 
for 10 minutes followed by the buffer containing various secretagogues. 

For glucose stimulation, islets were perifused with the high-glucose buf-
fer (16.7 mM) for 30 minutes, followed by that containing 2.8 mM glu-
cose for 20 minutes. For stimulation by high K+ concentration, islets were 
perifused with buffer containing 60 mM KCl plus 65 mM NaCl, 30 mM 
KCl plus 95 mM NaCl, or 20 mM KCl plus 105 mM NaCl for 15 min-
utes, followed by the standard buffer for 15 minutes. For the application 
of forskolin (Sigma-Aldrich) or PMA (Calbiochem-Novabiochem), islets 
were perifused in the continuous presence of either drug with the stan-
dard buffer for 15 minutes, then with the high-glucose buffer for 20 min-
utes, with the standard buffer for 15 minutes, and were finally perifused 
without the drug for 10 minutes. For repeated stimulation, the islets were 

perifused with the standard buffer and then stimulated 4 times by either 
the high-glucose buffer for 20 minutes or the buffer containing 60 mM 
KCl plus 65 mM NaCl for 10 minutes, with 10-minute intervals using the 
standard buffer. For the effect of diazoxide (Sigma-Aldrich), islets were 
perifused with Krebs-Ringer buffer containing 250 μM diazoxide and  
16.7 mM glucose for 50 minutes. They were further perifused in the same 
buffer for 10 minutes, followed with the buffer containing 30 mM kCl plus 
95 mM NaCl for 30 minutes, then with the prestimulation buffer for 15 
minutes, in the continuous presence of diazoxide and glucose. All of the 
perifusate solution was equilibrated with 95% O2 and 5% CO2 and main-
tained at 37°C. Fractions were collected every 1 minute, and the insulin 
secretion was measured.

Two-photon excitation imaging of exocytotic events in pancreatic islets. Exocytotic 
events of insulin granules inside living pancreatic islets were visualized 
with a solution containing a fluid-phase tracer, sulforhodamine B, using  
2-photon excitation imaging, as described previously (21). Exocytotic events 
in response to glucose (20 mM) were measured within an arbitrary area 
(2,000 μm2) of islets. The dynamics of fusion pore opening were examined by 
measuring latency for the onset of staining with sulforhodamine B (1.4 nm)  
relative to that of staining with 10-kDa fluorescein-dextran (6 nm).  
The cytosolic Ca2+ concentration was measured using Fura-2 acetoxymethyl  
ester (Molecular Probes) as described previously (21).

TIRFM analysis of pancreatic β cells. Analysis by TIRFM was performed 
using an inverted microscope (IX70; Olympus) with a high-aperture objec-
tive lens (Apo ×100 OHR, NA 1.65; Olympus) as described previously (23). 
Briefly, isolated islets were dissociated into single cells by incubation in 
Ca2+-free Krebs-Ringer buffer containing 1 mM EDTA and cultured on 
fibronectin-coated (Koken Co. Ltd.) high-refractive-index glass (Olympus). 
For immunocytochemical analysis, the cells were fixed and made perme-
able with 2% paraformaldehyde and 0.1% Triton X-100. For the observation 
of fusion events of GFP-labeled insulin granules, the cells were infected by 
adenovirus encoding GFP-tagged insulin (Adex1CA insulin-GFP).

EM analysis. Animals were anesthetized with sodium pentobarbital 
and fixed by perfusion with 100 ml of 2% paraformaldehyde and 2% 
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, at 4°C, followed 
by perfusion with 10 ml of 0.86% saline solution. The pancreas was 
immersed in the same fixative for 3 hours at 4°C and dissected into small 
blocks. The blocks containing pancreatic islets were further immersed 
into 10% sucrose in the cacodylate buffer for 1 hour at 4°C. They were 
then postfixed with 2% osmium tetroxide in the cacodylate buffer for 
1.5 hours at 4°C, dehydrated, infiltrated, and embedded in plastic resin. 
Ultrathin sections (90 nm) were cut on an Ultracut E ultramicrotome 
(Reichert-Jung), stained with uranyl acetate and lead citrate, and ana-
lyzed by a JEM 1010 electron microscope (JEOL).

For morphometric analysis, islets were isolated from mice by collagenase 
digestion and cultured overnight. They were then incubated in Krebs-Ring-
er buffer containing 2.8 mM glucose at 37°C for 1 hour (nonstimulated 
islets), and some of them were further incubated in the buffer containing 
25 mM glucose for 30 minutes (stimulated islets). Both types of islet were 
fixed by immersion with 2% paraformaldehyde/2% glutaraldehyde/0.2% 
picric acid in 0.1 M cacodylate buffer, pH 7.4 for 1.5 hours at room tem-
perature and embedded into 1% agarose. They were then postfixed, embed-
ded in plastic resin, and sectioned as described above. Micrographs were 
randomly taken at ×5,000 and ×8,000 magnifications and captured with 
an image scanner (CC-500L, Epson) at 720 dots per inch. The entire cell 
circumference was included, and 10 individual β cells derived from 2 mice 
were analyzed for each condition. The images at ×5,000 magnification were 
used to measure the area of cytoplasm and the perimeter of the plasma 
membrane by ImageJ program (http://rsb.info.nih.gov/ij), whereas those at 
×8,000 magnification were used to count granules. The center of granules 
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was determined and the number of granules located in concentric shells at 
increasing distance from the plasma membrane (100- or 200-nm thick as 
indicated) was counted.

Coimmunoprecipitation experiments. The isolated islets were placed in glu-
cose-free Dulbecco’s modified Eagle medium (2.8 mM glucose) supple-
mented with 10% fetal calf serum and frozen at –80°C until the cell lysis. 
Protein was extracted from 400–600 islets in 1 μl per islet of lysis buffer 
containing 20 mM Tris (pH 7.5), 150 mM NaCl, 2 mM MgCl2, 1 mM 
EGTA, 1.0% or 0.2% Triton-X 100, and 1 × protease inhibitor cocktail 
(Complete mini; Roche Diagnostics). After removal of insoluble mate-
rials by centrifugation at 15,000 rpm for 30 minutes, the extracts were 
incubated with 30 μl of a 50% slurry of protein G-Sepharose (Amersham 
Biosciences) for 3–4 hours at 4°C under gentle rotation, and then 
centrifuged at 7,000 rpm for 3 minutes. The precleared extracts were 
then incubated with 5 μl of anti-Munc18 serum (Synaptic Systems) or 
αGrp-aC overnight at 4°C. The immune complexes were captured by 
an addition of 15 μl of 50% protein G-Sepharose for 2 hours at 4°C. 
Immunoprecipitates were washed 4 times with lysis buffer and finally 
dissolved in SDS-sample buffer. Immunoprecipitates and original pre-
cleared protein extracts were separated by SDS-polyacrylamide gel 
electrophoresis and were transferred onto an Immobilon-P membrane 
(Millipore). Protein interactions of syntaxin 1a with Munc18-1 or with 
granuphilin-a were analyzed by immunoblotting with anti-syntaxin 1a 
mouse monoclonal antibodies (HPC-1, 1:3,000 dilution; Sigma-Aldrich). 
The amount of Munc18-1 or granuphilin-a in each immunoprecipitate 
was evaluated by immunoblot analysis using anti-Munc18 mouse mono-
clonal antibodies (1:300 dilution; BD Biosciences — Pharmingen) and 

αGrp-N (1:2,000 dilution). Chemiluminescent signals on the x-ray film 
were captured with a scanner and quantified using Gel Plotting Macros 
of NIH Image 1.62 program (http://rsb.info.nih.gov/nih-image).

Statistical analysis. Most analyses comparing the average between 2 
groups were done by Student’s t test. Perifusion data were analyzed by 
repeated-measures ANOVA. Immunoblot signals were analyzed by a 
Wilcoxon signed-ranks test.
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