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tal internal reflection fluorescence (TIRF) microscopy
(also called evanescent wave microscopy), which al-
lows fluorescence excitation within a closely restrict-
ed domain close to the plasma membrane (within
100 nm) [16], has permitted us to observe not only
single granule movement underlying exocytosis [17,
18], but also the single molecules on the plasma mem-
brane [19, 20]. Thus, we were able to observe using
TIRF microscopy with high resolution, the single in-
sulin granules approaching, docking, and fusing with
the plasma membrane, and the spatial localisation of
t-SNAREs such as syntaxin-1 and SNAP-25 in the
plasma membrane of live cells.

In the present study, a TIRF system was utilised to
address the question of whether t-SNARESs are related
to the docking and fusion of insulin granules using in-
sulin-treated and/or untreated diabetic Goto-Kakizaki
(GK) beta cells where the expression levels of
t-SNAREs and docking/fusion of insulin granules
were changed. We demonstrate that t-SNAREs are
closely associated with the number of docked insulin
granules, in parallel with the fusion events from previ-
ously docked granules.

Materials and methods

Cells. Diabetic GK rats and non-diabetic male Wistar rats were
obtained from a commercial breeder (Oriental Yeast, Tokyo,
Japan). The rats were given free access to food and water until
the start of experiments, which were conducted with 10-week-
old male rats. The body weight of GK rats was not statistically
different from that of controls. The plasma glucose concentra-
tion in the fed state, measured by the glucose oxidase method,
was 12.3+0.78 mmol/l (n=16) in GK rats and 5.8+0.61 mmol/l
(n=18) in control rats respectively (p<0.0001). For the normal-
isation of hyperglycaemia, human insulin (Humalin N; Lilly,
Indianapolis, Ala., USA) was injected subcutancously at 08.00
(2 U/rat) and 20.00 (4 U/rat) hours daily for 2 weeks. Pancreat-
ic islets of Langerhans were isolated by collagenase digestion
[10], with some modification. Isolated islets were dissociated
into single cells by incubation in Ca?*-free KRB containing
I mmol/l EGTA, and cultured on fibronectin-coated (KOKEN,
Tokyo, Japan) high-refractive-index glass (Olympus, Tokyo,
Japan) in RPMI 1640 medium supplemented with 10% FBS
(Invitrogen Gibco BRL, Carlsbad, Calif., USA), 200 U/ml pen-
icillin, and 200 pg/ml streptomycin at 37 °C in an atmosphere
of 5% CO,.

Immunohistochemical analysis. Pancreatic beta cells were
fixed, made permeable with 2% paraformaldehyde/0.1% Triton
X-100, and processed for immunocytochemistry as described
previously [9]. Cells were labelled with monoclonal anti-insu-
lin antibodies (Sigma-Aldrich, St. Louis, Mo., USA), anti-
HPC1-antibodies (Sigma-Aldrich), and anti-SNAP-25 antibod-
ies (Wako, Osaka, Japan), and then processed with Cy3-conju-
gated anti-mouse IgG (Amersham Biosciences, Little Chalfont,
UK). F-actin was stained by incubation with fluorescein iso-
thiocyanate-conjugated phalloidin (Sigma-Aldrich). For dou-
ble-immunostaining study, syntaxin-1 was stained with poly-
clonal anti-HPC-l-antiserum [S] and fluorescein anti-rabbit
IgG (Jackson Immuno Research Laboratories, Bar Harbor,
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Me., USA). Immunofluorescence staining was detected by
TIRF or epifluorescence microscopy.

TIRF microscopy. The Olympus total internal reflection system
was used with minor modifications as described previously
[18]. Light from an Ar laser (488 nm) or an He/Ne laser
(543 nm) was introduced to an inverted epifluorescence micro-
scope (IX70, Olympus) through a single-mode fibre and two
illumination lenses; the light was focused at the back focal
plane of a high-aperture objective lens (Apo 100x OHR; NA
1.65, Olympus). To observe the fluorescence image of Cy3, we
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Fig. 1. SNAP-25 colocalised with syntaxin-1 and insulin gran-
ules on the plasma membrane of a primary rat pancreatic beta
cell. a. TIRF images in a normal primary beta cell. After nor-
mal rat pancreatic beta cells were prepared, they were fixed,
immunostained for syntaxin-1, SNAP-25 or insulin, and
viewed simultaneously by TIRF microscopy as described [23].
The colocalisation of syntaxin-1 and SNAP-25, and of SNAP-
25 and insulin granules is demonstrated by the superposition
(yellow colour) of red and green channel images. b. TIRF im-
age of SNAP-25-infected diabetic GK beta cell plasma mem-
brane. Two days after GK beta cells were infected with
Adex1CA SNAP-25, they were fixed, immunostained for syn-
taxin-1 and SNAP-25, and viewed by TIRF microscopy. The
overlay of the images shows that most of the syntaxin-1 clus-
ters were overlapped on SNAP-25 clusters
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used a 543-nm laser line and a long-pass 590-nm filter. To ob-
serve green fluorescent protein (GFP) or fluorescein, we used a
488-nm laser line for excitation and a 515-nm pass filter for
the barrier. The procedure for monitoring the GFP-labelled in-
sulin granule motion in primary rat pancreatic beta cells is de-
scribed elsewhere [21]. Briefly, primary beta cells expressing
insulin—-GFP on the glass cover slip (Olympus) were mounted
in an open chamber and then transferred to the thermostat-con-
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Fig. 2. TIRF images, and the immunoblot analysis of syntaxin-
I and SNAP-25 in normal and diabetic GK beta cells. a. Ef-
fects of insulin treatment and Adex1CA SNAP-25 infection on
syntaxin-1 and SNAP-25 on the plasma membrane of diabetic
GK beta cells were shown by TIRF images. Insulin-treated
group: GK rats were treated with and/or without a daily subcu-
taneous injection of human insulin for 2 weeks, and then pan-
creatic beta cells were prepared. Adex|CA SNAP-25 infected
group: the pancreatic beta cells prepared from GK rats were in-
fected with Adex1CA SNAP-25 or Adex 1w (empty virus) and
cultured for 2 days as described in Materials and methods.
Treated GK or non-treated normal pancreatic beta cells were
prepared and fixed, and then immunostained for syntaxin-1
and SNAP-25 before being observed by TIRF microscopy. The
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trolled stage (37 °C). Cells were stimulated by 22 mmol/l glu-
cose (final), and the measured penetration depths were about
45 nm.

Preparation of recombinant adenoviruses and adenovirus-
mediated gene transduction. The construction of expression
vectors and recombinant adenovirus encoding insulin—-GFP
and SNAP-25 has been previously described [10, 21]. To label
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scale bars represent 5 pm. Each image is representative of sep-
arate experiments. b. The number of syntaxin-1 and SNAP-25
clusters in the plasma membrane. Individual fluorescent spots
of syntaxin-1 and SNAP-25 shown in TIRF images were
counted (normal beta cells, n=10; diabetic beta cells, n=8). The
number of clusters was calculated per 200 um2. # p<0.01 vs
normal, ** p<0.01 vs untreated, *** p<0.001 vs untreated beta
cells. ¢. Immunoblot analysis. Islet proteins (200 islets) were
extracted from insulin-treated and -untreated GK rat pancreas,
subjected to SDS-PAGE, and immunoblotted with the indicat-
ed antibodies, which was followed by chemiluminescence re-
action. Each immunoblot is a representation of three separate
experiments. The levels of the protein bands were determined
using the NIH Image program
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the insulin secretory granules, cultured single cells were incu-
bated with RPMI 1640 medium (5% FBS) and the required ad-
enovirus (Adex1CA insulin-GFP, 30 MOI per cell) for 1 h at
37 °C, after which RPMI 1640 medium with 10% FBS was
added. For SNAP-25 infection study, cultured single cells were
infected with Adex1CA SNAP-25 (20 MOI per cell) prior to
labelling the granules with Adex1CA insulin—-GFP. Experi-
ments were performed 2 days after the final infection.

Acquiring the images and analysis. Images were collected by a
cooled charge-coupled-device camera (Micromax, MMX-512-
BFT: Roper Scientific, Princeton Instruments, Trenton, N.J.,
USA) operated with Metamorph 4.6; Universal Imaging,
Downingtown, Pa., USA) as described previously [21]. Most
analyses, including counting the number of fluorescent spots,
tracking (the single projection of different images) area calcu-
lations and fluorescent intensity, were performed using Meta-
morph software. To analyse the fusion data, fusion events were
manually selected, and the average fluorescence intensity of
individual granules in a l-uymxl-pm square placed over the
granule centre was calculated. The number of fusion events
was manually counted while looping 15,000 frame time-lapses.
TIRF images were finally exported as single TIFF files and
were further processed using Adobe Photoshop 6.0.

Immunoblotting. Islets prepared from insulin-treated and/or in-
sulin-untreated GK or normal Wistar rats were disrupted by
sonication, boiled in SDS sample buffer with 10 mmol/l dithio-
threitol, subjected to SDS-PAGE, and then transferred onto ni-
trocellulose filters. Immunoblotting procedures were per-
formed as described previously [10] using anti-HPC-l-antibod-
ies, anti-SNAP-25 antibodies, and anti-actin monoclonal anti-
body (Chemicon International, Temecula, Calif., USA). The
protein bands were scanned and analysed by NIH Image.

Insulin release from islets. GK islets prepared before and after
2 weeks of daily insulin injection were preincubated with
2.2 mmol/l glucose in KRB for 1 h. They were then challenged
with 22 mmol/l glucose plus forskolin (20 pmol/l). The media
were collected at the end of the challenge period, then analy-
sed for immunoreactive insulin by radioimmunoassay as previ-
ously described [9].

Statistical analysis. Results are means + SEM, and statistical
analysis was performed using ANOVA followed by Fisher’s
test and regression analysis using the Statview software (Aba-
cus Concepts, Berkeley, Calif., USA).

Results

Decrease in the number of t-SNARE clusters and
docked insulin granules in diabetic GK beta cell plas-
ma membrane. A recent study using PC12 cells re-
ported that t-SNAREs are concentrated in separate
clusters, shown using membrane-sheet procedures
[22]. Consistent with their results, we previously ob-
served, using TIRF microscopy, that t-SNAREs are
distributed in numerous spots in the MING cell plasma
membrane [23]. In the present study we examined this
issue using rat primary pancreatic beta cells. As
shown in Fig. la, the immunofluorescence of syntax-
in-1 and SNAP-25 on the plasma membrane of rat pri-
mary pancreatic beta cells was distributed in numer-
ous spots as well as in those observed in MING6 cells.
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Fig. 3. Imnmunohistochemistry and immunoblot of actin in nor-
mal and diabetic GK beta cells. a. TIRF and epifluorescence
(EPIF) images of F-actin on the beta cell plasma membrane.
After pancreatic beta cells were prepared from normal and GK
rat pancreas, F-actin was stained with phalloidin—fluorescein
isothiocyanate and observed by TIRF and EPIF microscopy.
Each image is representative of three separate experiments.
b. The fluorescence intensity of phalloidin—fluorescein isothio-
cyanate analysed by Metamorph based on TIRF image (n=5
cells). ¢. Immunoblot analysis. Islet proteins were subjected to
SDS-PAGE, immunoblotted with anti-actin monoclonal anti-
body, and scanned as described in the legend of Fig. 2 (n=3 for
separate experiments)

The apparent diameters of the syntaxin-1 and SNAP-25
clusters were approximately 400 nm, which is similar
to that reported in MING cells [23]. Dual-stained immu-
nohistochemical studies for syntaxin-1 and SNAP-25
showed that most of the syntaxin-1 clusters were colo-
calised with the SNAP-25 clusters, which were also
colocalised with insulin granules docked on the plas-
ma membrane (Fig. 1a). Thus, the characterisation of
t-SNARESs on the plasma membrane appears not to be
different between insulinoma MING6 cells and primary
pancreatic beta cells. We then examined the change of
t-SNARE clusters in diabetic GK beta cells. In diabet-
ic GK beta cells, TIRF images and their analyses
showed that the number of clusters of syntaxin-1A
and SNAP-25 decreased to less than half of that in
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Fig. 4. Histochemical study of insulin secretory granules
docked to the plasma membrane. a. TIRF images of docked in-
sulin granules in normal and diabetic GK beta cells. For insu-
lin treatment and Adex]1CA SNAP-25 or Adexlw infection,
GK rats and beta cells were processed as described in the leg-
end of Fig. 2. Cells were fixed with paraformaldehyde, then
immunostained for insulin. The surrounding lines represent the
outline of cells that are attached to the cover glass. Representa-
tive images are shown. The scale bar represents 5 pm. Note
that infection with Adexlw empty virus did not affect the
docked insulin granules. b. The number of insulin granules
morphologically docked to the plasma membrane. Individual
fluorescent spots shown as TIRF images were counted and cal-
culated per 200 pm? (normal beta cells, n=15; GK beta cells,
n=8). § p<0.0001 vs normal beta cells, ** p<0.01 vs untreated
diabetic beta cells, *** p<0.001 vs untreated diabetic beta cells

normal beta cells (Fig. 2a, b). To examine whether the
decreased number of t-SNARE clusters in diabetic
beta cells is a specific phenomenon, we immuno-
stained F-actin as a control. As shown in Fig. 3, no
differences in ring-shaped F-actin immunostaining or
actin immunoblotting were observed between normal
and diabetic beta cells, indicating that the alteration in
the number of t-SNARE clusters in the diabetic GK
beta cell is a specific phenomenon. Although actin
signals in GK islets detected by immunoblot had a
tendency to increase, no statistically significant differ-
ence was found between normal and GK diabetic is-
lets by scanning and analysis of protein bands with
NIH Image (100% vs 148+39%; n=3).

We then examined the change in insulin granules
morphologically docked to the plasma membrane in
diabetic GK beta cells. There is no precise definition

of “morphologically docked granules”, but the follow-
ing are generally used: (i) vesicle is located within
200 nm of the plasma membrane, shown by electron
microscopy [24]; (ii) vesicle is located within 100 nm
of the surface membrane, shown by electron micros-
copy [25]; (iii) vesicle distance from plasma mem-
brane is less than 10 nm, shown by TIRF microscopy
[26]; and (iv) vesicle is in direct contact with the plas-
ma membrane, shown by electron microscopy [27].
As the penetration depth under our TIRF condition is
80 nm, we defined “morphologically docked gran-
ules” as the vesicle being located within 100 nm of the
plasma membrane. As shown in Fig. 4a, TIRF imag-
ing depicted the single insulin granules morphologi-
cally docked to the plasma membrane, whereby we
could manually count the number of docked insulin
granules in normal and diabetic beta cells. As shown
in Fig. 4b, the number of insulin granules docked to
the plasma membrane was markedly reduced in dia-
betic GK beta cells.

Recovery of the number of t-SNARE clusters and
docked insulin granules by insulin treatment. We ad-
dressed the question of whether the normalisation of
blood glucose levels affects the number of t-SNARE
clusters and the number of docked insulin granules in
GK beta cells. We treated GK rats with daily insulin
injection for 2 weeks, resulting in the reduced blood
glucose levels (untreated 11.2+0.61 vs treated
5.6+0.33 mmol/1). After 2 weeks of insulin treatment,
pancreatic beta cells were prepared and immuno-
stained with anti-syntaxin-1A, anti-SNAP-25, and
anti-insulin antibodies. The number of syntaxin-1 and
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SNAP-25 clusters in the plasma membrane was par-
tially, but significantly, recovered to subnormal levels
(Fig. 2a, b). Immunoblot analysis also showed that the
levels of syntaxin-1A and SNAP-25 were increased in
islets isolated from insulin-treated GK rats (Fig. 2c;
182424% in syntaxin-1, 165+32% in SNAP-25 when
expressed as 100% in insulin-untreated GK islets, n=3
for each, p<0.01). It is of note that along with an in-
crease in the number of t-SNARE clusters, there was
also an increase of about two-fold in the number of in-
sulin granules docked to the plasma membrane
(Fig. 4a, b).

Correlation between the fusion events and the number
of docked insulin granules. We previously reported
that the fusion events during first-phase release origi-
nate from previously docked granules (resident) both
in MING cells and primary pancreatic beta cells [18,
21]. In the present study, we tested whether the num-
ber of fusion events is correlated with the number of
docked insulin granules. After pancreatic beta cells
were prepared from normal rats, insulin-untreated and
insulin-treated GK rats, they were infected with
Adex1CA insulin—-GFP to label the insulin secretory
granules. After 2 days of infection, granule motion
was monitored using TIRF by 22 mmol/l glucose
stimulation. In insulin-untreated diabetic GK beta
cells, the fusion events from previously docked gran-
ules were rarely observed (Fig. 5; untreated). In con-
trast, in insulin-treated GK beta cells, high glucose
stimulation caused fusion events from previously
docked insulin granules (Fig. 5; treated) where the
number of docked insulin granules was recovered to
subnormal levels (see Fig. 4). Furthermore, we mea-
sured insulin release from GK islets before and after
insulin treatment. Consistent with the results of the
TIRF imaging analysis, glucose-stimulated insulin
release from insulin-treated GK islets was slightly
improved compared with  before treatment
(1.5+0.3 ng-islet-!-h-! before treatment vs 2.1+0.4 ng
islet-1-h-! after treatment, p<0.01, n=3 for separate ex-
periments).

Rescue of fusion events by recovering the number of
docked insulin granules and restoring SNAP-25 clus-
ters to normal levels. In order to examine whether the
concentration of t-SNARE clusters is linked to the
docking status followed by subsequent fusion of insu-
lin granules, we restored the decreased number of
SNAP-25 clusters to normal levels by infecting GK
beta cells with Adex1CA SNAP-25. GK beta cells in-
fected with Adex1CA SNAP-25 showed the nor-
malised number of SNAP-25 clusters on the plasma
membrane (Fig. 2a, b) where the decreased number of
docked insulin granules was also restored to subnor-
mal levels (Fig. 4). However, infection with Adex1CA
SNAP-25 did not affect the number of syntaxin-I
clusters (Fig. 2a). GK beta cells infected with empty
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Fig. 5. Restoration of the decreased number of fusion events in
normal (a) and diabetic (b) beta cells. Black bars, resident;
grey bars, newcomer. For insulin treatment and SNAP-25 in-
fection, GK beta cells were prepared as in the legend of Fig. 2.
After these procedures, beta cells were infected with Adex1CA
insulin—-GFP in order to label the insulin granules, then the
real-time motion of GFP-labelled insulin granules during stim-
ulation with 22 mmol/l glucose was imaged close to the plas-
ma membrane by TIRF, and fusion was analysed by Meta-
morph software. The graph shows the histogram of the number
of fusion events (per 200 pm?; normal beta cells, n=5; GK beta
cells, n=4)

virus Adex 1w did not show any change in the number
of SNAP-25 clusters (data not shown) or in the num-
ber of docked insulin granules (Fig. 3a). As shown in
Fig. 1b, most of the syntaxin-1 clusters were colo-
calised with SNAP-25 clusters restored by Adex1CA
SNAP-25 infection in GK beta cells. Cotransfection of
Adex1CA SNAP-25 with Adex1CA syntaxin-1A did
not affect the subnormalised number of docked insulin
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granules (data not shown). We then performed TIRF
imaging analysis of the docking and fusion of insulin
granules stimulated by 22 mmol/l glucose using
Adex1CA-SNAP-25-infected GK beta cells. These
beta cells showed a marked increase in fusion events
from previously docked granules (Fig. 5; SNAP-25 in-
fected).

In the present study, we examined the interaction be-
tween the number of t-SNARESs and the number of in-
sulin granules docked to the plasma membrane, and
between the number of docked insulin granules and
the number of fusion events. Our data demonstrated a
close correlation of t-SNARE clusters with docked in-
sulin granules, and that the number of docked insulin
granules was correlated with the fusion events from
previously docked granules.

TIRF imaging showed that the number of syntaxin-
1A and SNAP-25 clusters and the number of docked
insulin granules on the plasma membrane decreased in
GK beta cells. It is of note that the recovery of the de-
creased number of SNAP-25 clusters in GK beta cells
to normal levels by adenovirus treatment or insulin
treatment could restore the number of docked insulin
granules, which caused an increased number of fusion
events from previously docked granules. We previous-
ly reported that restoration of decreased t-SNARE lev-
els improved the impaired insulin secretion in GK is-
lets [10]. At that time, however, we could not know
how t-SNARE restoration affects the insulin exocyto-
sis. Now, we know that the restored number of SNAP-
25 clusters subnormalised the number of docked insu-
lin granules, through which the fusion from previously
docked granules was probably recovered. Thus, in
diabetic GK beta cells, the decreased number of
t-SNARE clusters may result in impaired insulin gran-
ule docking status followed by a decreased fusion
event that might lead to the loss of first-phase insulin
release. We have recently reported that the disruption
of t-SNARE clusters by cholesterol depletion with
methyl-p-cyclodextrin treatment causes the inhibition
of docking and fusion of insulin granules [23] and
thus indicates that impaired formation of t-SNARE
clusters in diabetic GK beta cells may be involved in
the decreased docking and fusion events of insulin
granules.

It is interesting that the transduction with Adex1CA
SNAP-25 alone was sufficient to recover the reduced
number of docked insulin granules in diabetic GK
beta cells, which was followed by an increase in fu-
sion events. Indeed, we had found that the transduc-
tion of GK islets with Adex]1CA SNAP-25 alone re-
covered the glucose-stimulated insulin release effec-
tively [10]. Although the precise reason why the resto-
ration of SNAP-25 clusters alone recovered the im-
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paired docking and fusion events in spite of the imbal-
ance in relative levels of SNAP-25 and syntaxin-1 is
not known at present, SNAP-25 may be a strict re-
quirement more so than syntaxin-1 in evoked fusion
event, as recently shown [28, 29]. Further studies
about this important issue are required.

The present study also reported the interesting find-
ing that insulin treatment improved the impaired
docking and fusion events in GK beta cells. Although
one clinical study showed that the impaired insulin re-
lease in diabetic patients was improved when the hy-
perglycaemia was normalised by daily insulin injec-
tion [30], there have been no in vitro studies to exam-
ine its mechanism in detail. Judging from our data, it
is conceivable that insulin treatment may have re-
duced the insulin secretion and thus allowed beta cells
to increase the number of docked granules. However,
because the effects of insulin treatment persisted for at
least 2 days during culture period after beta cell prepa-
ration, these would be trophic effects. Another simple
explanation would be that improved glucotoxicity by
insulin treatment may have recovered the beta cell
functions.

Finally, we calculated the total number of docked
insulin granules in rat pancreatic beta cells. On the ba-
sis of our data, we estimated that normal primary beta
cells contain approximately 1200 insulin granules
docked to the plasma membrane. As the surface area
of a beta cell is reported to be 973 um? [31] and the
number of docked granules of normal beta cells is cal-
culated to be 246 granules/200 pm?, the total number
of docked insulin granules is about 1200. In a study
that used mouse pancreas and electron microscopy
[31], Dean reported that the pancreatic beta cells con-
tain about 13,000 insulin granules, and recently,
mouse and rat beta cells were reported to have about
10,000 insulin granules per cell, with an estimated
number of docked granules of about 600 and 450 re-
spectively [32, 33]. Thus, the number of docked insu-
lin granules is slightly larger in our TIRF imaging
analysis. The discrepancy may be because (i) electron
microscopy only provides a snapshot of the situation
in the beta cells at the time of fixation, so it is not pos-
sible to conclude that a certain number of docked
granules are really physically attached to the plasma
membrane; or (ii) TIRF imaging only gives informa-
tion on a small part of the cell attached to the cover-
glass where vesicles are located within 100 nm of the
plasma membrane, so the calculated total number of
granules docked to the whole cell surface may be an
overestimation.

In conclusion, there was an interaction between the
number of t-SNARE clusters and the number of
docked insulin granules, which were associated with
fusion events from previously docked insulin granules.
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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 Ca** 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 f§ 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 formanon
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-

ror proteins. Furthermore, the potendally redundant functions of

numerous Rab proteins differentiated in higher eukaryotes might
obscure the phenorypes of individual mutants in genetic studies.
Among Rabs, the Rab27 subfamily, which consists of Rab27a and
Rab27hb, is known to function in regulated secretory pathways (1, 2).
Each of these pachways harbors a specific organelle thar stores
bioactive substances and releases chem in response ro 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 idenaified; these are called lysosome-
related organelles or secretory lysosomes (4). These organelles, which

Nonstandard abbreviations used: [(Ca®'],. intracellular Ca? concentranon; Kap
channel, ATP-sensitive K channel; PMA, phorbol- 1 2-mynistate-13-acetate; SNARE
soluble N-ethylmaleimide-sensinve factor attachment protein recepror; TIRFM, cotal
mternal retlection flucrescence microscopy.
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include melanosomes in melanocytes and lytic granules in cyrotoxic
T-lymphocytes, have unique biogenesis related to lysosomes and
distinct modes of exocytosis. Rab27a and/or Rab27h are commonly
located on these secretory organelles and regulace the exocytosis using
mulnple effeccor protemns (3, 6). Importanty, mutations of the Rab27a
gene discovered in human Gniscelli syndrome (7) and in the mouse coat-
color mutant ashen (8) cause partal albinism and immunodeficiency,
reflecting the dysfunction of lysosome-related organelles. By conrrast,
phenotypes that result from defects in the exocytosis of secretory gran-
ules have not been reported eicher 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 ics 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 1s 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 pancreartic p cells
of ashen mice. This study is che 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
Volume 115
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Figure 1

Expression of Rab27a, Rab27b, and granuphilin in pancreatic islets.
(A) An equal amount of protein (20 ug) 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 («Grp-aC) antibodies. The expres-
sion levels of u-tubulin were also examined for normalization. For the
immunaoblotting with anti-Rab27b and anti—a-tubulin antibodies, 20 pg
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 («Grp-N). Granuphilin is distinguishably concentrated along the
plasma membrane in ashen ( cells (arrowheads) compared with control
f cells, although the expression levels are similar. Scale bar: 20 um.

protein was highly expressed in pancreatic islets of control C3H/He
mice. By concrase, it was not detected in the 1slets of ashen mice,
which is consistent with previous reports showing the lack of
detecrable Rab27a protein in ashen-derived cytotoxic T lympho-
cytes (13, 14) and placelets (15). Because the Rab27a protein is
truncated due to a splice sice mutation in ashen mice (8), che
mutant protein either is unstable or loses 1ts immunoreacuvity
In either case, the mutant Rab27a protein 1s 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 prruitary of control mice, as reported
previously (16). The expression level of granuphilin, a Rab27a
effector in pancreatic i cells (9), was not altered in ashen islets,
in contrast to another Rab27a effector, melanophilin, which 1s

severely downregulated in ashen melanocyres (17).

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  test. *P < 0.05,
**P < 0.005, ***P < 0.0005 vs. C3H/He mice.
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Immunohistochemical analysis of mouse pancreas specimens
confirmed that Rab27a was expressed in insulin-pasitive B cells of
control C3H/He mice, as reported previously (9), but not in those
of asken mice (data not shown). By contrast, Rab27b was expressed
in exocrine and peripheral islet cells, but not in 3 cells (H. Gomu,
S. Zhao, and T. Izumi, unpublished observations). The islet archi-
tecture of ashen mice was normal, including a mantle structure
between P and non-p 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 ics effector granuphilin (Figure 1A), its
intracellular location was significantly affected. The distribution of

granuphilin was distinguishably shifted to the plasma membrane in

ashen B cells compared with its diffuse cytoplasmic distribution in

control f cells (Figure 1B). Alteration in the subcellular localization
in Rab27a-deficient f 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 1s
coexpressed and funcuonally redundant with Rab27a1in platelets
(15), the lack of Rab27b in che pancreatic f cells of ashen mice
makes them an excellenc subject of scudy for the evaluation of
Rab27a funcuion. We first examined in vivo phenotypes that
might be affected by potential insulin secretion defects in ashen
p 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 berween ashen and C3H/He mice. Blood
glucose levels after a glucose load, however, were significantly
higher in ashen mice (Figure 2B). Although 1t is generally difficule
to measure small changes in plasma insulin levels accurately from
a limited amount of samples in muce, 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,

““.“”7] nt the levels |,..T.l[|-l>“- ar 111 ach 'i
& hich point the levels were siightly higher in ashen mice (data

not shown). Although the hyperglycemia with normoinsulinemia
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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 KClI 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 KCI 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 KCI (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 uM diazoxide and 16.7 mM glucose for 10 minutes. They were further perifused with the
buffer containing 30 mM KCI for 30 minutes, in the continuous presence of diazoxide and glucose (n = 3 for each strain). Values are mean + SE.

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 fasung also
showed similar insulin sensitivity (data not shown). Tnsulin 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 ) cells.
Insulin secretion profiles in perifused islets. Because the
overexpression of active forms of Rab27a has been shown to aug-
ment insulin secretion in the cultured p-cell line MING (9), the
lack of funcrional Rab27a may induce insulin secretion defects in
ashen mice. We incubated pancreatic islecs, isolaced from C3H/He
or ashen mice, overnight in culture medium to decrease porential
environmental effects, such as differences in blood glucose levels,
in vivo. They were then examined for che 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 § minutes)
and second phases in ashen islets (repeated measure ANOVA,
P<0.0001),and the accumulated glucose-induced insulin secretion
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over 30 minutes was diminished by approximarely 50% compared
with the control islets (Figure 3A). Surprisingly, the reducton
in insulin release was specific to glucose stimulation. Insu-
lin secretion in response to depolarization induced by high K-
concentracion (60 mM) was normal in ashen islecs (Figure 3B)
Furthermore, both forskolin (activator of adenylate cyclase) and
phorbol-12-myristate-13-acetate (PMA; protein kinase C acuiva-
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 islecs 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 thar Rab27a1s
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). Scronger sumuli might have obscured subtle functional
differences between the 2 kinds of islets. The lower concentrations
of KCI (20 mM or 30 mM) induced an insulin secretion at che
Number 2
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Figure 4

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

peak that was equivalent to thac induced by 16,7 mM glucose dur-
ing perifusion of the control islets (Figure 3, A and G). The same
treatment in ashen islers evoked an indistinguishable amount
and manner of insulin secretion (Figure 3G). Therefore, ashen 5
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 Ca?* concen-
tration ([Ca’’],). 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* (Karp) channel. This amplifying effect by glucose has classically
been evaluated by the amount of insulin secreted in the presence
of diazoxide, an opener of Kare channels (19, 20). As expecred,
250 uM diazoxide inhibited insulin secretion induced by 16.7 mM
glucose in both ashen and control islets (see the insulin secretion
during the first 10 minuces in Figure 3H). To induce insulin secre-
tion, the islets were depolarized by 30 mM KClin 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 f cells.

Analysis of the exvcytosis of msulin 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 Ca*’
concentration measured using Fura-2 was not different between
ashen and C3H/He mice (Figure 4 and Table 1), which suggests
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normal glucose metabolism and ATP production in ashen B cells.
Fusion pore dynamics examined by measuring latency for the
onset of staining with fluorescent markers of different sizes was
also unchanged in ashen 1slets (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 [Ca*'] or
fusion pore opening in ashen islets.

Analysis of the exocytosis of insuelin granwdes 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 f cells. TIRFM detects cytoplasmic events within 100 nm of
the plasma membrane (22). We first immunostained endogenous
insulin in fixed pancreatic f§ cells. Because fluorescent imaging by
TIRFM can depict the single insulin granules closely associared
with the plasma membrane (23), we counted the number of mor-
phologically docked granules (Figure 5A). The ashen  cells showed
a marked decline in the number (130 = 34 per 200 um? in ashen f§
cells vs. 219 + 34 per 200 um? in C3H/He p 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 b cells.

We then observed fusion events of fluorescence-labeled gran-
ules by TIRFM in live P 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 che
first 5 minures after the stimulation and were not significanty
different between ashen and control  cells (40.1 = 5.9 1n 0-5 mun-
utes in ashen f cells vs. 56.7 = 6.9 in 0-5 minutes for C3H/H3
p cells, n = 4 each). There were no significant differences in the
exocytosis of previously docked granules (4.5 + 2.1 in ashen  cells
vs. 7.5+ 2.0in C3H/He P cells) or in that of newly recruited gran-
ules (34.4 + 4.4 inashen P cells vs. 47.7 £ 6.9 in C3H/He f cells). The

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

C3H

Increase in the cytosolic Ca?* concentration in response to
12 mM glucose

ashen

(F=AlR 0.60 + 0.03 0.63 + 0.02%
(n=10) (n=15)
Exocytotic events within an arhitrary area (2,000 um?)
in response to 20 mM glucose
First phase (0-300 seconds) 48.3+8.0 28.8+7.3%
Second phase (300-600 seconds) 48.6 + 10.8 39.8 £ 6.1¢
(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)

162018
(n=125)

2.0£0.21A
(n=31)

The statistical significance of differences between means was assesed
by Student’s f test. ANS (P > 0.05). 8P < 0.005. °P < 0.025.
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Figure 5

TIRFM analysis of the exocytosis of insulin granules. (A) Pancreatic 3 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 um. (B) Pancreatic p 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 pum?
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 f 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 um?) of C3H/He (open circles) or ashen (filled circles) 3 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.

Analysis of insulin granules by EM. We next performed the EM

fusion events in response to 16.7 mM glucose, however, were sig-
nificantly decreased (Figure 5B; 15.4 + 2.5 in 0-5 minuces in ashen
P cells vs. 34.5 £ 5.6 in 0-5 minutes in C3H/He B cells, P < 0.05;

and 32.5:42in5

examination of pancreartic p cells from fixarive-perfused mice. It
did not reveal any obvious alterations in the number, distribution,
16 minutes vs. 72.4 + 11,5 in 5-16 minuces
P« 0.0001; n =24 for ashen and n = 21 for C3H/He). Remarkably

tew fuston events occurred from previously docked granules in

or appearance (dense-core formation) of granules in ashen f§ cells
(dara not shown, but see Figure 6A), excepr that the average diame-
ter was shghtly decreased (298 £ 7 nm in ashen f cells vs. 322 £ 7nm

ashen (b cells (5.8 + 1.3 in 0-16 minuctes in ashen B cells vs. 26.3£ 4.3 in C3H/He f cells. P« 0.05: # = 24 for ashen and n = 25 for C3H/He;

in 0-16 minutes in C3H/He P cells). The exocytosis of newly
recruited granules was relatively modestly affected, although
it was also significantly reduced (42.1 + 4.2 in 0-16 minuces in
ashen B cells vs. 80.6 £ 11.2 in 0-16 minutes in C3H/He B 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 1dent-
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 nunutes of glu-
cose stimulation remained 80.3% = 2.1% of the initial number
in the control B cells (Figure SC). By contrast, it was markedly

decreased to 32.1% + 6.6% in ashen P cells, indicating cthar refilling

of the pool of docked granules is defective.
392
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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 cthe average, the density of granules whose centers were
located within 100 nm of the plasma membrane was much lower
Volume 115
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in both nonsumulated and simulated control B cells (Figure 6B,
left). Given that the diameter of insulin granules 1s 300-350 nm,
which is equivalent to the previously reported value (24), the latter
finding 1s not surprising because the cencer 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 che plasima 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 f cells. By contrast, the glucose-dependent accumularion
of granules beneath the plasma membrane was lacking in ashen
fb cells, although the densities of other fractions were not signifi-
cantly different from those in the control f 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 s impaired in ashen B cells.

Complex formation between granuphilin and syntaxin la. 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 granuphihn, but not its mutants that
are defective in binding to either Rab27a or syntaxin la, promotes
the plasma membrane targeting of insulin granules (12). These
findings suggest that granuphilin tethers insulin granules and
the plasma membrane through interacuons with Rab27a and syn-
taxin la, respectively. To examine che complex formation berween
granuphilin and syntaxin la, communoprecipitation experimernits
were performed with lysates of isolated islets. Although the expres-
sion levels of syntaxin 1a and granuphilin were similar berween
ashen and control islets, the amount of syntaxin la coprecipitated
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Figure 6

Ultrastructure of the pancreatic  cells. (A) Electron micrographs of
f cells were taken in nonstimulated (upper) or glucose-stimulated
(lower) islets of C3H/He (left) and ashen (right) mice. Scale bar: 1 um.
(B) Relative density of granules below the plasma membrane in non-
stimulated (white bars) or glucose-stimulated (black bars) {3 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 f test. *P < 0.05.

with anct-granuphilin antibodies was significantly decreased in
ashen islets (Figure 7A, lower panel). The reduction was specific,
because the amount of another complex containing syntaxin la
with Munc18-1 (25) was comparable between ashen and control
islets (Figure 7A, upper panel). This finding s 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 b cells. Quantification in independent experiments revealed
that the amount of granuphilin/syntaxin la complex was reduced
to approximarely 60% compared with che control (Figure 7B);
this value 1s roughly equivalent to the degree of decrease in the
number of docked granules (Figure 5A). The decreased complex
formacion between syntaxin la and granuphilin also indicared
that the redistribution of granuphilin to the peripheral plasma
membrane region in ashen f3 cells (Figure 1B) is not due to the
increased association with synraxin la.
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@
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Lysates IP: anti-Granuphilin-a Munc18-1

Granuphilin-a
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 ng, 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 thar insulin secretion in response to a
physiological stimulus, glucose, 1s significantly reduced in ashen
f 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. Neicher
the rise of [Ca?'], 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 [Ca’']; and before the formartion 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 P cells. Furthermore, EM analysis revealed the glucose-
dependent accumulation of granules beneath the plasma mem-
brane in control f§ cells, but not in ashen P cells. These findings
indicate a defect in the replenishment of docked granules during
glucose stimulation in ashen f3 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 berween
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 attect-
ed by reorganizarion 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 difficulr 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. [t 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 concermnyg the accumula-
tion and preferential exocytosis of morphologically docked gran-
ules in chromaftin cells (26, 27). Despite these technical differences
and difficulties, our TIRFM and EM findings indicate thar 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 corroborared by the perifusion
data that insulin secretion 1s significantly decreased at each of the
repeated exposures to the glucose stimuli in ashen f cells.

[n contrast to glucose stimulation, ashen p cells do not reveal any
decrease of insulin secretion in response to high K*, whether itis
given once or repeatedly, or in response to other pharmacological
enhancers. Although disturbance of vesicle transpore 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 [Ca*'|; increase in response to
glucose, which 1s dependent on ATP generation through glucose
metabolism, is indistinguishable between ashen and control B
cells. Furthermore, high K'- and glucose-induced insulin secre-
vion measured in the presence of diazoxide, which 1s thought
to reflect a pathway amplified by glucose metabolism (19, 20),
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1s largely intact in ashen p cells. These findings indicace 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 Ca’* influx through acuvation of voltage-dependent
Ca* channels in pancreatic p cells, the mechanism for inducing
depolarization is different. High K™ induces it physically, whereas
glucose does so by closing Kare channels through the ATP pro-
duction. Accordingly. the 2 stumuli elicit distinct pacterns and
ume courses of [Ca?'| change (20, 24). High K elicits a large but
transient peak of elevated [Ca®’], which returns spontaneously
towards the prestimulatory level despite the continuous presence
ofhigh K', whereas glucose induces a biphasic response in [Ca*'|,,
consisting of an initial large increase and long-lasting oscillations
that remain throughout the glucose application. These distinct
|Ca*], changes might differentially affect the action of Rab27a
and its effecrors by influencing protein-protein or protein-lipid
interactions. Another possibility is that glucose generates signals
other than [Ca?'], chat act on the Rab27a system. It has recently
been reported that glucose-induced reduction of the cytoplasmic
ADP concentration activates phosphatidyhinositol 4-kinase activ-
ity in pancreatic f 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 chat have potential affinity to these lipids (1, 6).

The funcrion 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 f cells. It has been shown that
granuphilin directly binds to the plasma membrane-anchored
SNARE, syntaxin 1a, and thar active Rab27a enhances the complex
tormation in che f cell line MING (11). Furcthermore, wild-type
granuphilin, but not its mutants thar are defective in binding to
Rab27a or syntaxin la, promotes the plasma membrane rargeting
of insulin granules (12). Moreover, previous TIRFM analysis has
shown that insulin granules are preferentially docked to syntaxin
la clusters in the intact plasma membrane of MING cells (29). The
correlated reductions i the docking of granules and cthe complex
formation inashen f3 cells, shown here, further supporta role of the
interaction between granuphilin and syncaxin 1a in the docking
process. [tis possible, however, that granuphilin also mediates this
process by other mechanisms. As described above, its C-rerminal
C2 domains may contribute to the docking process through an
affinity to membrane phospholipid, because granuphilin appears
Lo associate with the plasma membrane even when its interaction
with syntaxin la1s decreased in ashen 3 cells.

In summary, the present study has provided the first genenc
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 f cells is reminiscenc of the finding thatashen lytic
granules do not reach the plasma membrane at the immunologi-
cal synapse, although they are polarized to the targec cell incerface
(14). There 1s, however, a marked difference between the 2 organ-
elles in terms of their efficiencies of exocytosis. Alchough ashen
lytic granules are almost incapable of subsequent fusion (13, 14),
ashen secretory granules are substanually released. The significance
of Rab27a in physiological insulin secretion is supported by the
Number 2
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in vivo glucose intolerant phenotype of ashen mice. Patients with
Griscells syndrome may also exhibic 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 ammal expen-
ments were performed in accordance with rhe rules and regularions of the
Antmal Care and Experimencation Comumittee, Gunma University, Showa
Campus. The ash/ash (C3H/He background) and concrol C3H/He mice
were kindly provided by N.A. Jenkins (Narional Cancer Insrirure, Fred-
erick, Maryland, USA). All mice were weaned at 4 weeks ol age and had
free access to warer and standard laboratory chow (CE-2; CLEA Japan)
in an air-conditioned room wich a 12-hour lighr/12-hour dark cycle. An
intraperitoneal glucose tolerance test (1 g glucose/kg body weight) and
an intraperitoneal insulin tolerance tesc (0.75 U human insulin/kg body
weight) were performed as desenbed previously (18). Blood glucose levels
were determined by a glucose oxidase method using Glucest sensor and
Glutest Pro GT-1660 (Sanwa Kagaku Kenkyujyo). The plasma insulin
concentrarion was measured by a LBIS mouse insulin ELISA kir (U-type:
Shibayagi Co.). For the measurement of insulin content, the pancreata
were excised and weighed, and each was then cutinto small pieces and fro-
zen by hquud nitrogen. Insulin was exrracted by homogenization using a
glass-Teflon homogenizer (1,300 rpm, 30 strokes) in an acid-ethanol solu-
tion (70% ethanel and 0.18 M HCI) and then by sonicarion for 20 seconds
After centrifugacon ar 3.000 g for 10 muinurtes, the immunareactive insulin
in the supernatant was measured as described previously (31)
Immunoblotting and immunostainmg analyses. Rabbie ann-granuphilin anno-
bodies, «Grp-aC thar recognizes granuphilin-a (10) and aGrp-N thar rec-
ognizes both granuphilin-a and -b (9}, and rabbit anti-Rab27b anubodies
against glutathione-S-transferase-fused mouse Rab27b protein (16) were
previously described and characterized. Mouse ann-Rah27a and anri-
a-tubulin monoclonal antbodies were purchased from BD Biosciences
Pharmimgen and Sigma-Aldrich, respecuvely. Immunoblotting and
immunostaining analyses were performed as described previously (16)
Perifusion assays in isolated islets. Tslets were isolated from cervically dislo-
cated mice by pancrearic duct injection of 500 U/ml of collagenase solution
(rype XI: Sigma-Aldrich) followed by digestion ar 37°C for 30 minures with
mild shaking, as described previously (31) Islets were picked up by hand
selection under a dissecting microscope and cultured overnighe in RPMI
1640 medium (11 mM glucose) supplemented wich 7.5% feral calf serum,
100 units/ml penicillin, and 100 pg/ml streptomycn. Thirty islets were
placed at the botcom of a L-ml syninge that had been cut toavolume of 400 ul
and plugged wich cotton. They were perifused wich low-glucose Krebs-
Ringer bufter (15 mM HEPES [pH 7.4], 120 mM NaCl, 5 mM KCI, 2 mM
CaCly, 1 mM MgCly, 24 mM NaHCO;, 0.1% bovine serum albumin, and 2.8
mM glhucose) ar a consrant flow rate of 1.0 ml/min for 30 minures. Afrer
this stabilizavion period, chey were further perifused wich the same buffer
for 10 minutes followed by the buffer containing various secretagogues
For glucose sumulation, islers were perifused with the high-glucose buf-
fer (16.7 mM) tor 30 minutes, followed by that contaimming 2.8 mM glu-
cose for 20 minutes. For stimulanon by lngh K' concentracion, islets were
perifused with buffer conraining 60 mM KCl plus 65 mM NaCl, 30 mM
KCI plus 95 mM NaCl, or 20 mM KCl plus 105 mM NaCl for 15 min-
utes, followed by rhe 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 butfer for 15 minutes, then with the high-glucose bufter for 20 min-
utes, wirth the standard buffer for 15 minutes, and were finally perifused
withourt the drug for 10 minutes. For repeated stimulation, the islets were
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perifused with che standard buffer and then stimulaced 4 times by either
the high-glucose buffer for 20 minures or the buffer concaining 60 mM
KCl plus 65 mM NaCl for 10 minutes, with 10-minute mntervals using the
standard buffer. For the effece of diazoxide (Sigma-Aldrich), islers were
perifused with Krebs-Ringer buffer conraining 250 pM diazoxide and
16.7 mM glucose for 50 minuces. 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 contnuous presence of diazoxide and glucose. All ol the
perifusate solution was equilibrated wich 95% O, and 5% CO; and main-
tained at 37°C. Fractions were collected every | minure, and rhe insulin
secretion was measured

Two-photon excitation imaging of exocytotic events in pancreatic islets. Exocytotic
evenrs of insulin granules inside living pancreatic islets were visualized
with a solution containing a fliid-phase tracer, sulforhodamine B, using
2-photon exaitation imaging, as described previously (21). Exocytotic events
in response ta glucose (20 mM) were measured wirhin an arbitrary area
(2.000 um?) ot islets. The dynamics of fusion pore opening were examined by
measuring latency for the onset of staining with sulforhodamine B (1.4 nm)
relarive to that of staining with 10-kDa fluorescein-dextran (6 nm).
The cyrosolic Ca** concentration was measured using Fura-2 acetoxymethyl
ester (Molecular Probes) as described previously (21).

TIRFM analysis of pancreatic {3 cells. Analysis by TIRFM was performed
using an inverted microscope (IX70: Olympus) with a high-aperture objec-
ive lens (Apo x100 OHR, NA 1.65; Olympus) as described previously (23)
Briefly, isolated islets were dissociared into single cells by incubartion in
Ca? -free Krebs-Ringer butter concaining 1| mM EDTA and cultured on
fibronectin-coared (Koken Co. Led.) high-refractve-index glass (Olympus)
For immunocytochemical analysis, the cells were fixed and made perme-
able wich 2% paratormaldehyde 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-ragged msulin (Adex1CA insulin-GFP).

EM analysis. Animals were anesthetized with sodium pencobarbital
and fixed by perfusion wich 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 che same fixative for 3 hours at 4°C and dissecred into small
blocks. The blocks containing pancrearic islets were furcher immersed
into 10% sucrose in the cacodylate buffer for 1 hour at 4°C. They were
then postfixed with 2% osmium tetroxide 1n the cacodylate buffer for
1.5 hours ar 4°C, dehydrared, infilerated, and embedded in plasric resin.
Ultrathin sections (90 nm) were cut on an Ultracut E ultramicrotome
(Reichert-Jung), stained with uranyl acetace and lead cicrace, and ana-
lyzed by a JEM 1010 electron microscope (JEOL).

For morphometric analysis, islets were isolated from mice by collagenase
digestion and culeured overnight. They were then incubared in Krebs-Ring-
er butfer conraining 2.8 mM glucose at 37°C for | hour (nonstimulared
islets), and some of them were furcher incubated in the bufter containing
25 mM glucose for 30 minutes (stimulared islecs). Both types of islet were
fixed by immersion with 2% p;raﬁvn:u[d?hyd(‘ﬁl’f\‘x gluraraldehyde/0.2%
picric aad 1n 0.1 M cacodylate bufter, pH 7.4 tor 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 x5,000 and =8,000 magmitications and caprured with
an image scanner {CC-500L, Epson) at 720 dots per inch. The enuire cell
circumference was included, and 10 individual p cells derived from 2 mice
were analyzed for each condition. The images at 5,000 magmificacion were
used to measure the area of cytoplasm and the perimeter of the plasma
membrane by Image] program (heep://rshuanfo.nih.gov/ij), whereas those ar
x8.000 magnification were used to count granules. The center of granules
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was decermined and the number of granules locared i concentric shells ar
increasing distance from the plasma membrane (100- or 200-nm rhick as
indicated) was counced.

Cotmmunoprecipitation 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 unuil che cell lysis.
Protein was extracted from 400-600 islecs in 1 ul per islec of lysis buffer
conraining 20 mM Tris (pH 7.5), 150 mM NaCl, 2 mM MgCl, 1 mM
EGTA, 1.0% or 0.2% Triton-X 100, and 1 x protease inhibitor cocktail
(Complete mini; Roche Diagnostics). After removal of insoluble marte-
rials by centrifugation ar 15,000 rpm for 30 minutes, the exrraces were
incubated with 30 pl of a 50% slurry of protein G-Sepharose (Amersham
Biosciences) for 3-4 hours at 4°C under gentle rotation, and cthen
centrifuged ar 7,000 rpm for 3 minures. The precleared excraces were
then incubated wich 3 pl of anti-Muncl8 serum (Synapnic Systems) or
aGrp-aC overnight at 4°C. The immune complexes were captured by
an addition of 15 ul of 30% prorein G-Sepharose for 2 hours ar 4°C.
Immunoprecipitates were washed 4 times with lysis buffer and finally
dissolved in SDS-sample buffer. Immunoprecipirates and original pre-
cleared prorein extracts were separated by SDS-polvacrylamide gel
electrophoresis and were transterred onto an Tmmobilon-P membrane
(Millipore). Protein interactions of syntaxin la wich Munc18-1 or with
granuphilin-a were analyzed by immunoblotring with anti-synraxin la
mouse monoclonal antibodies (HPC-1, 1:3,000 dilution; Sigma-Aldrich).
The amount of Munc18-1 or granuphilin-a in each immunoprecipirate
was evaluared by immunoblot analysis using ano-Munc 18 mouse mono-
clonal ancibodies (1:300 dilution; BD Brosciences — Pharmingen) and

RNY

aGrp-N (1:2,000 dilution). Chemiluminescent signals on the x-ray film
were captured wich a scanner and quantified using Gel Plotring Macros
of NTH Image 1.62 program (htep://rsb.info.nth.gov/nih-image).

Statistical analysis. Most analyses comparing the average berween 2
groups were done by Student’s ¢ test. Perifusion dara were analyzed by
repeated-measures ANOVA. Immunoblot signals were analyzed by a
Wilcoxon signed-ranks tesr.
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ABSTRACT

Microglia are immune cells in the brain; their activation,
migration, and proliferation have pivotal roles in brain
injuries and diseases. Microglia are known to attach firmly
to fibronectin, the upregulation of which is associated with
several pathological conditions in the CNS, through B1
integrin and become activated. Extracellular nucleotides
can serve as potent signaling molecules. Recently, ATP and
ADP were revealed to possess chemoattractive properties to
microglia via Gi-coupled P2Y receptors. In the present
study, we report that the ADP-induced chemotaxis of micro-
glia is mediated by P2Y12/13 receptors and is Bl integrin-
dependent in the presence of fibronectin. Signals from
P2Y12/13 receptors also cause Bl integrin translocation to
the membrane ruffle regions, but this redistribution was
lost when the intracellular cyclic AMP (cAMP) was
increased by forskolin or dibutyryl cAMP. This inhibitory
effect of cAMP-elevating agents did not appear when micro-
glia were co-incubated with a protein kinase A (PKA) inhi-
bitor, KT-5720, suggesting that PKA is a negative regulator
of the Bl integrin translocation. We also show that the
engagement of Bl integrin enhanced microglial prolifera-
tion. Signals from P2Y12/13 receptors attenuated the prolif-
eration, whereas ADP itself had no effect on microglial
growth. Furthermore, Bl integrin-induced proliferation is
positively regulated by the cAMP-dependent PKA. Together,
these results indicate the involvement of Bl integrin in
microglial proliferation and chemotaxis, both of which have
clinical importance. The data also suggest that PKA is
inversely involved in these two cellular functions. o 2005
Wiley-Liss, Inc.

INTRODUCTION

Microglia are considered to act as brain macrophages.
They participate in brain injuries and diseases (Naka-
jima and Kohsaka, 1993), in which their motility, aber-
rant activation, and proliferation are known to play cru-
cial roles. Microglia quickly respond to numerous
inflammatory mediators by migrating to the source of
the mediators, where they become activated and exert
their neuroprotective effects (Hanisch, 2002; Streit,
2002). Unfortunately, their hyperactivation often leads

© 2005 Wiley-Liss, Inc.

to neurotoxicity instead, and several pathological condi-
tions in the CNS are, in fact, accompanied by an excess
proliferation of microglia (Gehrmann et al., 1995). Thus,
better understanding of the regulation of microglial che-
motaxis and proliferation may have important therapeu-
tic implications.

Integrins are heterodimeric transmembrane proteins
consisting of « and B subunits; they mediate cell—cell
and cell-extracellular matrix (ECM) interactions. At pre-
sent, 16 « and 8 B chains have been identified, and at
least 22 different complexes are known. B1 integrin, the
most ubiquitous B subunit, pairs with at least 10 differ-
ent « chains to comprise receptors for a wide variety of
ECM proteins. Within the CNS, B1 integrin is expressed
on many different cell types, including neurons, glial
cells, and endothelial cells (Pinkstaff et al., 1999). As
shown previously by other investigators, microglia
express several integrin receptors of B1 and B2 families
that are upregulated following microglial activation in
vitro (Hailer et al., 1996; Yu et al., 1998; Kloss et al.,
2001; Milner and Campbell, 2003). In vivo, integrin
expression is found to be increased on activated micro-
glia in Alzheimer’s disease (Akiyama and McGeer, 1990),
after nerve injuries (Coyle, 1998; Kloss et al., 1999;
Tsuda et al., 2003) and in multiple sclerosis lesions (Bo
et al., 1996). Integrins serve not only as adhesive mole-
cules but also as signaling receptors, and they regulate
numerous cellular functions (Hemler, 1998) including
cell migration and proliferation. 1 integrin is closely
associated with the regulation of cell motility and
growth in many cell types (Hynes, 1992; Jones and Watt,
1993; Howlett et al., 1995), but its role in microglial che-
motaxis and proliferation remains unclear.

Fibronectin is one of the ECM molecules; it is a large,
multidomain glycoprotein that exists both as a cell sur-
face protein and in plasma. The expression of ECM
molecules is regionally and developmentally regulated in
the brain, and their presence is relatively minor in the

*Correspondence to: Kazuhide Inoue, Department of Molecular and System
Pharmacology, Graduate School of Pharmaceutical Sciences, Kyushu University,
3-1-1 Maidashi, Higashi-ku, Fukuoka 812-8582, Japan.

E-mail: inoue@phar kyushu-u.ac jp

Received 16 December 2004; Accepted 24 March 2005
DOI 10.1002/glia.20224

Published online 26 May 2005 in Wiley InterScience (www.interscience.wiley.
com).



MICROGLIAL CHEMOTAXIS AND PROLIFERATION 99

normal CNS. Some ECM molecules, including fibronec-
tin, however, are upregulated after adult CNS injury.
Fibronectin also exists at high concentrations in the
blood plasma and a breakdown of the blood-brain barrier
should result in an increase in its local concentration in
the CNS. Fibronectin induces firm adhesion and activa-
tion of microglia (Milner and Campbell, 2002, 2003). It
is a major ligand of the Bl integrin family, but recently
Mac-1 was also reported to play a role in the adhesion of
leukocytes to fibronectin (Lishko et al., 2003).

Previously, Honda et al. (2001) demonstrated that
extracellular ATP and ADP could induce the chemotactic
migration of microglia. Several lines of evidence so far
have indicated that extracellular nucleotides serve as sig-
naling molecules (Bodin and Burnstock, 2001). ATP, and
possibly other nucleotides, are released from damaged
cells or secreted via nonlytic mechanisms and activate
microglia. In the work by Honda et al. (2001), extracellu-
lar ATP and ADP induced chemotaxis as well as mem-
brane ruffling, which was possibly mediated by Gi-coupled
P2Y receptors. The P2Y12 receptor is a recently cloned
Gi-coupled P2 receptor (Hollopeter et al., 2001), and
expressed on platelets and exclusively in microglia in the
brain (Sasaki et al., 2003). The P2Y13 receptor is another
Gi-coupled P2 receptor that was recently identified (Com-
muni et al., 2001; Zhang et al., 2002). Its messenger RNA
is expressed at highest levels in the brain and immune tis-
sues, particularly the spleen (Zhang et al., 2002), suggest-
ing its roles in neuron and in immune systems. P2Y12
and P2Y 13 receptors present a very similar pharmacologi-
cal profile. Both receptors show high affinities for ADP
and 2MeSADP (Hollopeter et al., 2001; Zhang et al., 2002)
and are selectively blocked by ARC-67085 and ARC-69931
(Ingall et al., 1999). No specific agonists/antagonists are
known currently to distinguish these two receptors phar-
macologically.

The involvement of B1 integrin in chemotaxis and pro-
liferation is already well characterized. Its role in micro-
glial chemotaxis and proliferation, however, has not
been well studied, and its correlation with purinoceptors
such as P2Y12/13 receptor is still unclear. We provide
new evidence that (1) ADP-induced chemotaxis through
P2Y12/13 receptors involves Bl integrin in the presence
of fibronectin, (2) ADP induces B1 integrin redistribution
which colocalizes with membrane ruffling on microglia,

Abbreviations
ATP adenosine 5'-triphosphate
ADP adenosine 5'-diphosphate
cAMP adenosine 2':3'-cyclic monophosphate
CNS central nervous system
CCR CC chemokine receptor
CXCR CXC chemokine receptor
CX4CR CX,C chemokine receptor
ECM extracellular matrix
ERK extracellular signal-regulated kinase
GPCR G-protein-coupled receptor
IL-8 interleukin-8
MAP mitogen-activated protein
2MeSADP dimethylthioadenosine 5'-diphosphate
PKA protein kinase A
VLA very late antigen

and PKA functions as a negative regulator of this trans-
location, (3) B1 integrin mediates microglial proliferation
through positive regulation of PKA, and (4) signals from
P2Y12/13 receptors abrogate the proliferative effect of
B1 integrin. Taken together, these results indicate that
B1 integrin is crucially involved in both the proliferation
and chemotaxis of microglia, which are under the
inverse regulation of PKA.

MATERIALS AND METHODS
Isolation of Microglia

Rat primary cultures were derived from the cerebral
cortex of neonatal Wistar rats. In brief, the rat cortices
were separated from the meninges, minced, treated with
trypsin and DNase, and then centrifuged to remove dead
cells. The pellet was resuspended in DMEM, filtrated
and cultured in medium with 10% fetal bovine serum
for 12-23 days. Microglia were isolated on day 10 and
day 15 by gently shaking of the flasks for 2 min and
were attached to appropriate dishes or coverslips. One
flask (75 cm?) yielded 1-2 % 10° microglial cells by this
preparation, and the cultures were of >98% purity. The
purity of microglial culture was determined by immu-
nostaining for Ox-42 and Eva-1.

Immunofluorescence Staining of Cell Surfaces

Microglia were washed once with ice-cold staining buf-
fer [phosphate-buffered saline (PBS) 1% fetal calf serum
(FCS), 0.1% NaN3| and then Fe blocked for 15 min on ice.
After washing, they were incubated with Ha2/5 (Phar-
Mingen) for 30 min on ice. They were washed once, incu-
bated with mouse anti-hamster IgM (PharMingen) for
30 min on ice, and then washed again. Finally, cells were
incubated with Alexa-Fluor 488-conjugated anti-mouse
IgG (Molecular Probes, Eugene, OR) for 30 min on ice in
the dark, washed twice, resuspended in the staining buf-
fer, and the fluorescence intensity of the labeled microglia
was analyzed with FACScan (Becton Dickinson).

Immunocytochemistry

Coverslips were briefly treated with hydrochloric acid
and extensively washed with PBS. They were then
coated with fibronectin (Sigma, St. Louis, MO) at 10 pg/
ml overnight and washed with PBS immediately before
use. Microglia were plated on coverslips and kept at
37°C for 1 h, and unattached cells were washed off
gently with warm DMEM. After 1-h serum starvation,
the cells were stimulated with ADP (50 uM) for 5 min at
37°C. The attached cells were then fixed in 3.7% formal-
dehyde in PBS for 5 min and then washed with PBS.
The cells were permeabilized with 0.1% Triton-X in PBS
for 5 min, washed again with PBS, and then blocked for
30 min with ACE blockase (Yukijirushi, Ltd.) with 3%
goat serum at room temperature. To visualize Bl integ-
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rin and membrane ruffling, the cells were stained with
Ha2/5 mAb, mouse anti-hamster IgM Ab, Alexa-Fluor
488-conjugated goat anti-mouse Ig(G, or Texas Red-X
phalloidin (Molecular Probes) and observed under a
fluorescent microscope.

Defining Membrane Rufflings

To the best of our knowledge, there are no methods to
quantify the degree of membrane ruffling. Therefore, we
tried to define membrane ruffling by analyzing the pic-
tures from immunocytochemistry. First we pictured cells
that were stained with Texas Red-X phalloidin, and then
a line was drawn across the cell and the intensity of the
Texas Red-X phalloidin labeling along the line was ana-
lyzed using computer software. Membrane ruffling is
characterized by the sharp, strong labeling of Texas Red-
X phalloidin, which reaches >200 a.u. (out of 256) of
intensity, whereas cells with no ruffling show less intense,
blurred, and dispersed staining. We defined membrane
ruffling as a wave-like structure that is stained with
phalloidin and the labeling intensity of which reaches
>200 a.u.. Cells satisfying these criteria were construed
as bearing membrane ruffling morphology.

Chemotaxis Assay

Chemotaxis assays were performed using a direct-
viewing Dunn chemotaxis chamber (Weber Scientific
International, Teddington, UK). The details concerning
this apparatus and its use are given in Webb et al.
(1996) and Zicha et al. (1991). In brief, microglia were
attached to coverslips that had been coated with fibro-
nectin. After 1-h incubation, the cells were washed with
warm DMEM and cultured in the absence of FCS for an
additional 1 h. The coverslips were then inverted onto
the slide, the inner and the outer wells of which were
filled with DMEM. The edges of the coverslip were
tightly sealed with adhesive tape except for one on
which a thin filling slit was left. Using a needle and a
syringe, the medium in the outer well was gently
replaced with DMEM containing 100 pM ADP. The fill-
ing slit was quickly sealed with adhesive tape and the
chamber was carefully set on the stage of a microscope
equipped with a 10X phase-contrast objective. Microglia
adhered to the coverslip were exposed to the ADP gradi-
ent and then monitored in the Dunn chemotaxis cham-
ber for a period of 1 h. One region of the bridge was
viewed directly via a CCD video camera and the data
were recorded every 30 s during the 1-h observation
using image software. After recording, cells were ran-
domly selected from a set area of the field and the
straight distance they migrated was plotted against x,y
coordinates on scatter diagrams. The x-axis was parallel
to the outer ring while the y-axis was vertical. Record-
ing of the cell migration usually started within 30 min
of assembling the chamber, by which time a linear diffu-
sion gradient had been established (Webb et al., 1996).

NASU-TADA ET AL.

Proliferation Assay

In this study, 96-well plates (Corning) were incubated
with fibronectin (10 pg/ml), anti-B1 integrin Ab (10 pg/ml)
(Santa Cruz Biotechnology, Santa Cruz, CA) or normal
rabbit serum (Sigma) overnight at 4°C and washed with
PBS before use. For anti-B1 integrin Ab and normal
rabbit serum coatings, the wells were pre-coated with
goat anti-rabbit IgG (Sigma) for 2 h at 37°C and washed
with PBS. Microglia were attached to the wells and
cultured in DMEM 4% FCS for 24 h at 37°C. After the
incubation, cell survival and proliferation were assayed
using an MTT cell growth kit (Chemicon) according to
the manufacturer’s instructions and also by direct cell
counting.

RESULTS
ADP-Induced Chemotaxis of Microglia Is
Mediated by P2Y12/13 Receptor and Is Blocked
by an Elevation of cAMP

In the previous study by Honda et al. (2001), extracellu-
lar ADP induced microglial chemotaxis through Gi-
coupled P2Y receptors and the ADP-induced membrane
ruffling was inhibited by a P2Y12- and P2Y13-selective
antagonist, ARC-69931. First, to make the system closer
to pathological conditions in the CNS, we performed the
chemotaxis assay on fibronectin substrates. To examine
whether microglial chemotaxis toward ADP on fibronectin
substrate is also mediated by the P2Y12/13 receptor,
ARC-69931 was used in the chemotaxis experiment
(Fig. 1). Cultured microglia were adhered to the fibronec-
tin-coated coverslips and their chemotaxis against the
ADP concentration gradient was studied with the Dunn
chemotaxis chamber (see materials and methods for
details). In the absence of the ADP gradient, microglia did
not move on the fibronectin-coated coverslips (Fig. 1b).
When ADP 100 pM was applied to the system, however,
the cells migrated toward the stimulant (Fig. 1a,c). Pre-
treatment of microglia with ARC-69931 at 10 uM totally
blocked the ADP-induced microglial chemotaxis (Fig. 1d),
suggesting that the P2Y12/13 receptor is responsible for
the microglial chemotaxis toward ADP. Since the activa-
tion of P2Y12/13 receptors inhibits adenylate cyclase, the
effect of changes in the intracellular cAMP level on micro-
glial chemotaxis was tested. Forskolin is a potent adeny-
late cyclase activating agent and dibutyryl cAMP is a
membrane permeable AMP analogue that activates cAMP
protein kinases. When microglia were pretreated with for-
skolin (Fig. 1e) or dibutyryl cAMP (Fig. 1f), their chemo-
taxis toward ADP was greatly attenuated.

B1 Integrin Is Involved in the Microglial Migration
Toward ADP on Fibronectin Substrate

To study the function of Bl integrin in the P2Y12/13-
receptor mediated migration of microglia, we first exam-
ined its expression on cultured microglia. Flow cyto-
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Fig. 1. ADP-induced chemotaxis of microglia was mediated through
P2Y12/13 receptors and blocked by an elevation of intracellular cAMP.
Cultured microglia were adhered to fibronectin-coated coverslips. After
serum starvation, the cells were assayed for migration toward ADP in
the Dunn chemotaxis chamber. a: Typical chemotactic responses of
microglia toward ADP. Arrowheads depict the position of a single
microglial cell at the indicated time, showing the kinetics of chemo-
taxis. Microglia were almost static on fibronectin in the absence of the
stimulant (b), Microglia, however, showed chemotactic responsiveness
to ADP (100 pM) (e), which was completely blocked by the P2Y12/13
receptor antagonist ARC-69931 (d), confirming that the chemotaxis to
ADP is mediated by P2Y12/13 receptor. Forskolin pretreatment (e) and
dibutyryl cAMP pretreatment (f) attenuated the ADP-induced chemo-
taxis of microglia. The data represent three independent experiments.

metric analysis confirmed that the cultured microglia
expressed significant amounts of the B1 integrin subunit
(Fig. 2a). Next, to assess the role of Bl integrin in the
cell migration toward ADP, a chemotaxis assay was per-
formed with the Dunn chemotaxis chamber in the pre-
sence of a monoclonal antibody specific for the Bl integ-
rin subunit (Ha2/5) and RGD peptide (Fig. 2b—f). Treat-
ment of microglia with Ha2/5 antibody at 5 pg/ml
suppressed the ADP-induced chemotaxis (Fig. 2c), indi-
cating that Bl integrin is required for this process. An
isotype-matched control antibody did not interfere with
the microglial chemotaxis toward ADP (Fig. 2d). Treat-
ment with RGD peptide at 2 mM also perturbed the
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Fig. 2. Bl integrin is highly expressed on cultured microglia, and it
is involved in the ADP-induced chemotaxis of microglia on the fibronec-
tin substrate. Cultured microglia were labeled with anti-B1 integrin
antibody (Ha2/5) (gray) or with isotype-matched control antibody
(black). The labeling was detected by Alexa-Fluor 488-conjugated anti-
body and the cells were subjected to flow cytometry analysis (a). b-f:
Cultured microglia were adhered to fibronectin-coated coverslips. After
serum starvation, the cells were assayed for migration toward ADP in
the Dunn chemotaxis chamhber. The microglia migration toward ADP
(100 pM) (b) was totally inhibited by Ha2/5 (¢) and RGD peptide (e). In
contrast, the migration was not affected by isotype-matched control (d)
and RGE peptide (f). Data (a-f) represent three independent experi-
ments. Each chemotaxis was quantified by calculating the x displace-
ment (pm) multiplied by the y-displacement (um) (g). Data (g) are mean
+ SE of three separate experiments. #Greater than No ADP (P < 0.05,
Student’s t-test); *Smaller than ADP 100 yM (P < 0.05, Student's
t-test); **Smaller than ADP 100 pM (P < 0.01, Student’s ¢-test).

microglial migration toward ADP (Fig. 2e), whereas con-
trol RGE peptide did not inhibit the migration (Fig. 2f),
suggesting that the RGD sequence is important. The
RGD (Arg-Gly-Asp) sequence is present in several extra-



