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receptors results in phosphorylation of CREB (cAMP-response-
¢lement-binding protein} [45]. We showed that approx. 70% of
both small-sized DRG neurons and NHEKs possess functional
P2Y, receptors in the co-culture (Figure 5). In the peripheral
skin-to-sensory neuron system, P2Y; receptors might be the main
sensor for both NHEKs and DRG neurons, However, we cannot
exclude the possibility that Ca?* entry via P2X receptors is also
involved in Ca™* signalling in DRG neurons. In fact, when skin
cells are killed, a large amount of intracellular ATP in the
skin leaks and excites nociceptors by activating P2X receptors
{46]. In a skin—nerve preparation, carrageenan inflammation of
skin resulied in an increase in the activities of c-fibres, which
was mediated by P2X receptors [47], There might be multiple
mechanisms by which the skin communicates with sensory
neurons through ATF,

Apart from those of cell injury, the mechanisms underlying
ATP release from NHEKSs remain unknown. In neuronal cells,
depolarizing stimulation resulted in exocytotic release of ATP in
hippocampal slices [48] and cultured hippocampal neurons [49].
However, in non-excitable ceils including NHEK s, the mechanism
of ATP release is still a matter of debate. In astrocytes, there have
been several reports that ATP can be released via chloride channels
{503, gap janction hemi-channels [51}, ATP-binding cassette [52]
and exocytosis [53,54]. NHEKs also express several types of
chloride channels [34,55,56], connexins [57-59] and SNARE
{soluble N-ethylmaleimide-sensitive fusion protein attachment
protein receptor) proteins [60,61]. Although these similarities
raise the possibility that NHEKSs and astrocytes might share the
same mechanism for the release of ATP, further investigation is
needed.

In summary, we demonstrated that extracellular ATP derived
from NHEKSs functions in both an autocrine and paracrine manner
in the peripheral skin-to-sensory neurons system. Metabotropic
P2Y; receptors may be important sensors for extracellular ATP in
both NHEKSs and small-sized DRG neurons.

We thank T. Obama (Division of Biosignaling, Nationa! Institute of Health Sciences) for
helging in the culturing of cells and Y. Ohno (Drivision of Pharmacology, National Institute
of Health Sciences) for continuous encouragement. This work was partially supporied
by the Organizaticn for Pharmaceutical Safety and Research (Medical Frontier Project;
MF-1 ?), the Health Science Foundation {Japan} and Shiseido Research Canter (Yokohama,
Japan}.
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Production and Release of Neuroprotective Tumor Necrosis
Factor by P2X, Receptor-Activated Microglia

Tomohisa Suzuki,' Izumi Hide,! Katsutoshi Ido,! Shinichi Kohsaka,* Kazuhide Inoue,** and Yoshihiro Nakata!
'Department of Pharmacology, Graduate School of Biomedical Sciences, Hiroshima University, Hiroshima 734-8351, Japan, *Department of
Neurochemistry, National Institute of Neuroscience, Tokyo 187-8502, Japan, *Division of Biosignaling, National Institute of Health Science,
Tokyo 158-8501, Japan, and 4Graduate School of Pharmaceutical Sciences, Kyushu University, Fukuoka 812-8582, Japan

After a brain insult, ATP is released from injured cells and activates microglia. The microglia that are activated in this way then release a
range of bioactive substances, one of which is tumor necrosis factor (TNF). The release of TNF appears to be dependent on the P2X,
receptor. The inhibitors 1,4-diamino-2,3-dicyano-1,4-bis[2-amino-phenylthio]butadiene {U0126), anthra[1,9-cd]pyrazol-6{2H)-one
(SP600125), and 4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)IH-imidazole (SB203580), which target MEK (mitogen-
activated protein kinase kinase), JNK (c-Jun N-terminal kinase), and p38, respectively, all potently suppress the production of TNF in
ATP-stimulated microglia, whereas the production of TNF mRNA is strongly inhibited by U0126 and SP600125. SB203580 did not affect
the increased levels of TNF mRNA but did prevent TNF mRNA from accumulating in the cytoplasm. The ATP-provoked activatien of JNK
and p38 [but not extracellular signal-regulated kinase (ERK)] could be inhibited by brilliant blue G, a P2X, receptor blocker, and by
genistein and 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo(3,4-p]pyrimidine, which are general and src-family-specific tyrosine ki-
nase inhibitors, respectively. Most important, we found that treatment of the microglia in neuron-microglia cocultures with the P2X;
agonist 2'-3’-0-(benzoyl-benzoyl) ATP led to significant reductions in glutamate-induced neuronal cell death, and that either TNF-«
converting enzyme inhibitor or anti-TNF readily suppressed the protective effect implied by this result. Together, these findings indicate
that both ERK and JNK are involved in the regulation of TNF mRNA expression, that p38 is involved in the nucleocytoplasmic transport
of TNF mRNA, and that a PTK (protein tyrosine kinase), possibly a member of the src family, acts downstream of the P2X; receptor to
activate JNK and p38. Finally, our data suggest that P2X, receptor-activated microglia protect neurons against glutamate toxicity pri-

marily because they are able to release TNF.

Key words: P2X, receptor; TNF; MAP kinase; ATP; microglia; neuroprotection

Introduction

ATP is released from damaged cells as a result of ischemia or
inflammation and serves as a cell-to-cell mediator through cell
surface P2 receptors, which are widely distributed throughout the
nervous system (Inoue, 2002). P2 receptor subfamilies have been
divided into two subtypes: P2X and P2Y. P2X receptors (P2X,-
P2X,) are coupled to nonselective cation channels, allowing in-
flux of Na™* and Ca?*, leading to transient cell depolarization,
whereas P2Y receptors (P2Y, P2Y, P2Y, P2Y, P2Y, P2Y,,
P2Y,, and P2Y,,} are G-protein coupled, and their activation
leads to inositol lipid hydrolysis, intracellular Ca** mobilization,
or modulation of adenylate cyclase activation {North and Sur-
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prenant, 2000; Sak and Webb, 2002). Microglia have been shown
to express multiple P2 receptor subtypes, including P2X,, P2Y,,
and P2Y,, (Norenberg et al., 1994; James and Butt, 2002}, indi-
cating that ATP may be a critical regulator of microglial cell func-
tion. In fact, ATP strongly induces microglial chemotaxis via the
G;- and G,-coupled P2Y,, receptor (Honda et al., 2001) and
stimulates the release of plasminogen, interleukin-6 (IL-6}, and
IL-1p (Ferrari et al., 1997; Inoue et al., 1998; Shigemoto-Mogami
et al., 2001) by means of different types of P2 receptor and intra-
cellular signals. ATP also stimulates the de novo synthesis and
release of tumor necrosis factor (TNF) from rat microglia that
flows from the activation of P2X; receptors, extracellular signal-
regulated kinase (ERK), and p38 mitogen-activated protein
{MAP) kinase {Hide et al., 2000). The precise roles of each of
these MAP kinases in P2X, receptor-mediated TNF release have
not yet been determined. Moreover, although the ATP-mediated
activation of ERK and p38 by ATP occurs in the absence of extra-
cellular Ca?*, it is still not known precisely how MAP kinases are
activated via P2X, receptors.

TNF is a proinflammatory cytokine that is upregulated in the
brain in response to various insults or injury. This cytokine is
mainly expressed by microglia and astrocytes around the injured
area. The function of TNF, however, remains controversial.
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Although TNF has been implicated in the acceleration of injury
and the pathology of neurodegenerative diseases, recently emerg-
ing evidence suggests that TNF may also serve a protective role.
The precise mechanisms involved in these two seemingly con-
flicting activities are still undetermined, as is the role of the TNF
that is released by P2X, receptor-activated microglia.

In the present study, we investigated the signaling mechanism
by which the activation of microglial P2X; receptors regulates
TNF release via ERK, JNK (c-Jun N-terminal kinase), and p38
MAP kinase. We also examined whether the TNF released by
microglia is toxic or protective for neurons. Our data demon-
strate that ERK, JNK, and p38 contribute in different ways to the
ATP-provoked production of TNF. In addition to outlining a
new mechanism for the activation of JNK and p38 via the P2X—
sre-family protein tyrosine kinase pathway, we provide the first
evidence that P2X; receptor-activated microglia protect neurons
against glutamate neurotoxicity because they release TNF.

Materials and Methods

Reagents. All reagents for cell culture, ATP, and 2'-3'-O-(benzoyl-
benzoyl}) ATP (BzATP) were obtained from Sigrma {St. Louis, MO?), and
a rat TNF ELISA kit was obtained from Biosource International (Cama-
rillo, CA). Antibady kits for p42-p44 (ERK), INK, and p38 MAP kinase
were obtained from Cell Signaling Technology (Beverly, MA). All other
reagents were purchased from commercial sources and were of the high-
est available purity. We checked all reagents used for endotoxin
contamination.

Cell culture. Microglia were obtained from primary cell culture of
neonatal rat brains as described previously (Nakajima etal., 1989, 1992).
After 7-16 din culture, microglia were prepared as a floating cell suspen-
sion, Aliquots (1.5-2.0 X 10° cells) were transferred to the wells of a 24
well plate and allowed to adhere at 37°C for 45 min Unattached cells
were removed by rinsing with serum-free DMEM, Neuron-enriched cul-
tures were prepared from primary cell culture of neonatal rat brain cor-
tex. For neuron-microglia cocultures, cortical neurons were seeded into
24 well plates, and microglia were transferred in Transwell coculture
inserts (Costar, Cambridge, MA).

TNF assay. For the assay of TNF release, microglia were incubated with
0.4 m! of serum-free DMEM with or without drugs for 3 br. For the assay
of intracellular TNF, microglia were incubated for 2 hr and then solubi-
lized with 0.1% Triton X-100, TNF was assayed in 50 pl samples using a
rat TNF ELISA kit according to the instructions of the manufacturer.

RNA extraction, Microglia were plated in 60 mm dishes (7.5 X 107 cells
per 3 mi per dish} and stimulated with ATP or the P2X, agonist B2zATP
for 1 hr. The cells were dissolved in Trizol LS reagents (Invitrogen, Gaith-
ersburg, MD) before total RNA extraction. Briefly, samples were ethanol
precipitated, the pellets were dissolved in RNase-free water, and RNA
concentrations were determined spectrophotometrically.

Real-time reverse transcription-PCR assay. Total TNF mRNA was mea-
sured by real-time quantitative reverse transcription (RT)-PCR {ABI
Prism model 7700 sequence detection system; PerkinElmer Applied Bio-
systems, Foster City, CA). RT-PCR was performed using the TagMan
one-step RT-PCR master mix reagents kit according to the protocol of
the manufacturer (PerkinElmer Applied Biosystems). The sequences of the
forward and reverse primers were 5'-ACAAGGCTGCCCCGACTAC-3'
and 5’-TCCTGGTATGAAATGGCAAACC-3', respectively. The TaqMan
flucrogenic probe was 5'-6FAM-TGCTCCTCACCCACACCGTCAGC-
TAMRA-3', During PCR amplification, 5" nuclease activity of AmpliTaq
Gold DNA polymerase cleaves the TagMan probe, separating the 5° reporter
dye from 3" quencher dye, resulting in increased fluorescence of the reporter.
Reaction conditions for PCR were as follows: 40 cycles of amplification by
denaturing to 95°C for 15 sec and extending at 60°C for 1 min. The threshold
cycle, which correlates inversely with the target mRNA levels, was measured
as the cycle number at which the reporter fluorescent emission increases
above a threshold level. The TNF mRNA levels were corrected for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNA using a VIC
probe according to the protocol of the manufacturer,
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Western blot analysis. Western blots were performed for the analysis of
ERK {p44 and p42), INK, and p38 activation using a MAP kinase anti-
body kit according to the protocol of the manufacturer. In brief, the cells
were washed with PBS, lysed by adding SDS$ sample buffer, and sonicated.
After heating to 95°C for 5 min, the protein samples were separated by
SDS-PAGE and blotted onto polyvinylidene difluoride membranes. The
membranes were blocked with blocking buffer containing 3% skim milk
for 3 hr at room temperature and incubated with primary antibody with
gentle agitation overnight at 4°C. After washing, the membranes were
incubated for 1 hr at room temperature with horseradish peroxidase-
conjugated secondary antibody and horseradish peroxidase-conjugated
anti-biotin antibody to detect biotinylated protein markers. The mem-
branes were then washed and incubated with Lumi GLO, and the pro-
teins were detected by exposure to x-ray film,

Viability assay. The viability of neurons was assessed by a 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay
on the basis of the reduction of the tetrazolium salt MTT by the mito-
chondrial dehydrogenase in living cells.

Statistical analysis. Student’s # test was used in all determinations of
statistical significance.

Results

The roles of ERK, JNK, and p38 MAP kinase in TNF mRNA
expression and the production and release of TNF in
ATP-stimulated microglia

ATP rapidly activates ERK, JNK, and p38 MAP kinase in micro-
glia. To investigate possible roles of ERK, JNK, and p38 in ATP-
induced TNF release, we examined the inhibitory effects of
10 pM 1,4-diamino-2,3-dicyano-1,4-bis[2-amino-phenylthio]-
butadiene (U0126) [which inhibits MEK ( mitogen-activated
protein kinase kinase)], 30 pM anthra[1,9-¢d] pyrazol-6(2H)-one
(SP600125) (which inhibits JNK}, and 15 pm 4-(4-flucrophenyl)-2-
(4-methylsulfinylphenyl)-5-(4-pyridyl)IH-imidazole  ($B203580)
{(which inhibits p38) on the release of TNF from ATP-stimulated
microglia. All three inhibitors proved to be capable of reducing
the amounts of TNF released by ATP-treated microglia very sig-
nificantly, suggesting that TNF release is dependent on the activ-
ities of all three MAP kinases (Fig. 1 A). To confirm the supposed
selectivity of these particular inhibitors, we conducted experi-
ments with the two additional inhibitory compounds 2-(2'-
amino-3'-methoxyphenyl}-oxanaphthalen-4-one {PI93059)
(which inhibits MEK) and 4-(4-fluorophenyl)-2-(4-hydroxy-
phenyl)-5-(4-pyridyl)IH-imidazole (§B202190) (which inhibits
p38) and found that 25 pM PD98059 and 10 M $B202190 were
also capable of potently suppressing the ATP-induced release of
TNEF (by 57 and 60%, respectively). Next we examined the effects
of three of these inhibitors {U0126, SP600125, and $B203580) on
the intracellular accumulation of TNF in microglia during a 2 hy
period of stimulation with ATP to determine whether all three
MAP kinases are involved in the regulation of the de novo pro-
duction of TNF. Once again, all three inhibitors markedly re-
duced the intracellular levels of TNF in ATP-stimulated micro-
glia (Fig. 1 B). These data suggest that ERK, INK, and p38 MAP
kinase are all involved in both the production and the release of
TNF by ATP-treated microglia.

To determine whether all three kinases also regulate TNE
transcription, we used real-time RT-PCR analysis to examine the
effects of the three inhibitors en ATP-induced TNF mRNA ex-
pression. As shown in Figure 1C, ATP treatment led to a marked
increase in TNF mRNA levels; moreover, the extent of this in-
crease was greatly reduced in the presence of either U0126 or
$P600125 but did not appear to be affected by SB203580. Thus,
although all three kinases appear to be critical for ATP-induced
TNF production, they appear to have different modes of action,
with ERK and JNK acting to regulate transcription of the TNF
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Moreover, although we reported previ-
ously that BzATP (a P2X, agonist) is able
to mimic the effects of ATP in provoking
TNF release (Hide et al,, 2000), we now
find that o,B-methylene ATP (which is
known to be a P2X receptor agonist and
not a P2X; agonist) has no such effect
{(data not shown). We were able to confirm
the involvement of P2X, receptors by
showing that brilliant blue G (BBG), a
P2X,; receptor blocker, suppresses ATP- as
well as BzATP-induced TNF release (Fig.
3A). We then tried to determine whether
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Figure 1.

the control {Con) (t test).

gene and p38 only acting post-transcriptionally to interfere with
the production or release of TNE.

p38 mediates the transport of TNF mRNA from the nucleus to
the cytoplasm

A recent report indicates that the nucleocytoplasmic transport of
TNF mRNA in lipopolysaccharide (LPS)-stimulated macro-
phages is regulated by ERK-dependent signals (Dumitru et al.,
2000). We therefore attempted to clarify the mechanism by which
p38 mediates post-transcriptional regulation of TNF production
by examining the localization of TNF mRNA in the nucleus and
the cytoplasm of microglhia. We used Western blots of the marker
proteins octamer-binding protein 1 {Oct-1) and heat shock pro-
tein 90 (Hsp-90) to confirm the efficacy of the technique used to
separate the nuclear and cytoplasmic fractions (Fig. 2 B). Qur
results indicated that ATP treatment led to significantly increased
TNF mRNA levels in the cytoplasm as well as in the nucleus;
presumably, this meant that the TNF mRNA had been exported
from the nucleus to the cytoplasm so that new TNFE protein mol-
ecules could then be synthesized on ribosomes (Fig. 2A). Inter-
estingly, exposure of ATP-treated microglia to SB203580 did not
appear to have any effect on the significantly increased levels of
TNF mRNA that we observed in nuclei, but it did appear to
prevent any comparable increase in cytoplasmic TNF mRNA lev-
els from becoming evident (Fig. 2A). These data could be indi-
cating that p38 has a role in regulating the nucleocytoplasmic
transport of TNF mRNA in ATP-stimulated microglia, although
we cannot rule out other possible explanations, including, for
example, differences in the half-life of TNF mRNA in the nucleus
and the cytoplasm.

P2X, receptors are coupled to JNK and p38 activation but not

to ERK activation

One reason for suspecting that ATP-induced TNF release is me-
diated by P2X,, receptors is that the optimal concentration of ATP
that induces TNF release is approxitmnately equivalent to the con-
centration needed to activate P2X, (i.e., of the order of 1 mm).

BasalCon U 5SP 5B

Effects of 10126 [U), SP6G0125 (5P}, and SB203580 (SB) on ATP-induced TNF release, intracellular TNF preduction,
and mRiA expression inmicroglia. The cells were treated with 10 e U0126, 30 um SPEE0125, or 15 o SB203580or 15 min and
stimulated with 1 me ATP for 3 hr {A), 2 hr{8), and 1 hr { (). The released TNF () and the intracellufar TNF contents ( 8} were
measured by ELISA, Values are expressed as mean = SEM of percentage of release compared with ATP alone from three inde-
pendent experiments, Values of 100% for the release and intraceltular production of TNF in ATP-stimulated microglia were
178.8 == 22.2 and 407.0 = 45.6 pa/10° cells, respectively. £, The expression of TNF mANA was quantified by real-time RT-PCR.
Values are shown as the ratio of TNF mRNA versus GAPDH mRNA, Data are expressed as mean == SEM of ratio of expression
compared with ATP or BzATP alone from three independent experiments. **p <2 0.01; ***p << (007, significantly different from

P2X, receptors are able fo activate MAP
kinases by examining the effects of BBG on
the ATP-induced activation of ERK, JNK,
and p38. The results in Figure 3C indicate
that BBG is capable of selectively inhibit-
ing the ATP-induced activation of JNK
and p38 but appears to have little if any
effect on the activation of ERK. Similar re-
sults were obtained uwsing BzATP-
stimulated cells (Fig. 3B,D). These results
indicate that the activation of P2X; recep-
tors does lead to JNK and p38 activation,
and that ERK activation occurs by some
other, as yet unidentified, route.

1 mM ATP

The P2X, receptor-mediated activation of JNK and p38 is
protein tyrosine kinase dependent

Despite the fact that the P2X; receptor can and does function as a
cation channel, activation of INK and p38 appears to be indepen-
dent of extracellular Ca** (Hide et al., 2000) and may therefore
be dependent on a mechanism that is independent of Ca** in-
flux. We therefore decided to investigate a possible involvement
of PTK (protein tyrosine kinase) in this pathway by studying the
effects of a general PTK inhibitor, genistein, on both TNF release
and the activation of each of the MAP kinases that are induced by
ATP. We found that genistein significantly inhibited the ATP-
induced activation of JNK and p38 (but not that of ERK} (Fig.
4(C) as well as the ATP-induced release of TNF, and that it did all
of these things in a concentration-dependent manner (Fig. 44).
‘We obtained similar results with a second PTK inhibitor known
as tyrphostin A25 (data not shown), We then found that the
src-family PTK inhibitor PP2 also appeared to suppress ATP-
induced TNF release, and that its negative control counterpart
PP3 had no comparable effect (Fig. 4 B). PP2 also appeared to
inhibit the BzATP-induced activation of JNK and p38 but not
that of ERK (Fig. 4D). Together, these findings suggest that a
PTK, almost certainly a src-family PTK, can act downstream of
the P2X, receptor to activate both JNK and p38; this could then
lead to the synthesis and subsequent transport of TNF mRNA.

P2X, receptor-stimulated microglia rescue the neurons from
glutamate-induced cell death by releasing TNF

Possible interactions between microglia, the TNF they produce,
and neuronal tissue are still not well understood. To determine
whether P2X; receptor-stimulated microglia and the TNF they
release are harmful or protective to surrounding neurons, we
developed a neuron—microglia coculture system in which pri-
mary cultured neurons and microglia are held in separate com-
partments that nonetheless allow them to exchange freely diffus-
ible factors. A preliminary experiment then showed that even a
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Figure2. Distribution of TNF mRNA induced by ATP in the nucleus and cytoplasm of micro-
gliatreated with SB203580 (SB). A, The celis were treated with 15 em SB203580 for 15 min and
stimulated with 1 mw ATP for 1 hr. Muclear and eytaplasmic fractions of the cells were separated
by ME-PER kit, and RNA was extracted from each fraction, Values are shown as the ratio of TNF
mRNA levels versus GAPDY mRNA levels. Data are expressed as mean * SEM of ratio of expres-
sian compared with ATP alane from three independent experiments. *p << 0.05 significantly
different from the control {Con} {t test). 8, Nuclear and cytoplasmic extracts were separated by
SDS-PAGE and probed with antitdies to Oct-1 [nuclear protein {n}] and Hsp-90 [cytopfasmic
protein (c}] to determine the efficiency of nucdleocytoplasmic separation.

brief (10 min) exposure of neurons to 100 M glutamate followed
by culture for 24 hr led to ~50% of them dying (Fig. 5A). There
was no significant difference in glutamate neurotoxicity between
cultures of neurons alone and neuron—microglia cocultures (Fig.
5A,B), although the neurons in cocultures that had been exposed
to BzATP for 24 hr before the addition of glutamate appeared to
have been given a significant level of protection against
glutamate-induced cell death (Fig. 5B}. No comparable protec-
tion was evident in nenrons that were cultured on their own with
BzATP (Fig. 5A), nor was there any evidence of a reduction in
their viability (Fig. 5A,B}. Interestingly, we also found that
TNE-a protease inhibitor (TAPI), a well known inhibitor of
TNE-a-converting enzyme (TACE), strongly inhibited the
BzATP-induced release of TNF {Fig. 5D), and that both TACE
and anti-TNF antibody significantly suppressed the protective
effect that is afforded to neurons by BzATP-treated microglia
(Fig. 5C). Furthermore, this protective effect was abolished by
BBG, confirming the involvement of P2X; receptor (Fig. 5C).
Similar results were obtained using ATP-stimulated microglia
(data not shown). Together, our results strongly indicate that the
neuroprotective effect of P2X; receptor-stimulated microglia
stems very directly from their ability to release TNF. Whether
other substances are involved remains to be seen.

Discussion
In the present study, we have shown that three MAP kinase family
members (ERK, JNK, and p38) all make important contributions
to the ATP-induced production of TNF in microglia, and that
their precise individual roles may differ. Thus, ERK and JNK
appear to regulate TNF mRNA synthesis, whereas the effects of
P38 seem to be limited to the post-transcriptional level and prob-
ably invelve the nucleocytoplasmic transport of TNF mRNA.
Other findings led us to suggest that activation of INK and p38 by
the P2X, receptor is likely to be mediated by a sre-family PTK.
This study also revealed the biological significance of the TNF
released from P2X, receptor-activated microglia.

The precise mode of action of ERK and JNK in microglial TNF
production is not yet known, but it may be that they exert their
effects on the promoter domain of the TNF gene by activating

Suzuki et al. » P2X, fleceptor-Mediated TNF Production by Micraglia

A B
1 mM ATP 100 uM BZATP
120 120
4] \ |
Basal Con 01 1 Basal Con 0.1 1
BBG (uM} BBG {uM)
c 1mM ATP D 100 uM BzATP
Basal Con 1 (BBMG)’ Basal Con 1 ﬁ,Bn,?)
Phospho . I
BRK = N ==
Phospho _, e e T b fr
JNK m— =T RO b
Phospho _ '._-__- ]
p38 o AR crpre.

Figure3.  Effects of BRG on the release of TNF and the activation of ERK, INK, and p38 MAP
kinasein ATP- or BzATP-stimulated microglia. The cells were treated with 8BG{0.10r 1 pum) for
S min and-stimulated with 1 mwATP (4, ) or 100 pou BZATP (B, D) for 3 hr {4, £) or 10 min (C D). A, 8,
The release of TNF was measured by ELISA. Valuses are expressed as mean == SEM of percentage of
release compared with ATP of BzATP alone from six independent experiments. Values for 100% of
release of TNF were 183.8 = 463 and 350.7 == 152.2 pg/10° cells in ATP- or BzATP-stimufated
microglia, respectively, *p << 0.05; ***p << 0.001, significantly different from the control {Con) {t
test). €, §, The phosphorylated {active} and totat ERK, JNK, and p38 were detected by Westemblotting
using antibadies that recognize phosphorylated and both phosphorylated and nonphosphorylated
enzymes, respectively. The levels of each total MAPK were confirmed to be identical for each lane.
Sirnilar results were obtained in at least three independent experiments.

one of the nuclear factor-«B, nuclear factor of activated T cells, or
activator protein-1 transcription factors. As the p38-mediated
post-transcriptional regulation of TNF production, it is known,
for example, that p38 regulates the expression of several RNA-
binding proteins, which then help to stabilize TNF mRNA by
interacting with the adenine uracil-rich element (ARE) region in
the 3' untranslated region of TNF mRNA (Kontoyiannis et al.,
2001; Mahtani et al., 2001). Other proteins such as eukaryotic
polypeptide chain initiation factor-4E, eukaryotic polypeptide
chain elongation factor-1, and eukaryotic polypeptide chain re-
leasing factor-1 also appear to contribute to translational effi-
ciency, whereas elF-4E, a translation start factor, responds to a
regulatory process downstream of p38 MAP kinase (Lee et al.,
2000). Interestingly, Dumitru et al. (2000) have suggested that
the transport efficacy of TNF mRNA is regulated through the
ARE via ERK, although our findings suggest that p38-mediated
post-transcriptional regulation of TNF production regulates the nu-
cleocytoplasmic transport of TNF mRNA in ATP-activated micro-
glia. Another recent paper suggested that MAP kinase-activated pro-
tein kinase 2 (MAPKAPK2), which is activated in response to direct
phosphorylation by p38, also appears to be involved in the post-
transcriptional regulation of TNF biosynthesis in LPS-stimulated
macrophages, but it is not yet known whether MAPKAPK2 partici-
pates directly in the regulatory process (Kotlyarov et al., 1999).
Recent reports indicate that P2X; receptors are implicated in
diverse cell functions, such as apoptosis, transcription, mi-
crovesicle shedding, and synaptic transmission (Humphreys et
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Figure4. Effects of genistein and PP2 on the release of THF and the activation of ERK, INK,
and p38 MAP kinase induced by ATP. Microglia were treated with genistein, a nonselective PTK
inhibitor {4, (3, with PP2, an sre-family-selective PTK inhibitor, or with PP3, an inactive analog
of PP2 (8, D); stimulated with 1 mm ATP or 100 g BzATP; and then measured for the release of
TNF after 3 hr {A, B) and MAP kinase activation after 10 min (C, D). Values are expressed as
mean = SEM of percentage of refease compared with ATP alone from three independent
experiments. Values of 100% for the release of TNF were 136.0 = 37.0{4) and 133.6 = 65.1
(B} pg/0° cells. *p << 0.05;**p << 0.01, significantly different from the control {Con) {t test),
€ D, The phosphorylated {Phospho} (active) and total ERK, INK, and p38 were detected by
Western blotting using antibodies that recognize either phosphorylated or both phesphory-
lated and unphosphorylated enzymes, respectively. The (total) levels of each MAP kinase were
confirmed to be identical for each lane. Similar results were obtained in at least three indepen-
dent experiments. Geni, Genistein.

al., 2000; MacKenzie et al., 2001; Armstrong et al., 2002), and that
they have arolein therelease of cytokinessuch asIL-13and IL-18
{Sanz and Di Virgilio, 2000; Mehta et al., 2001). Activation of
P2X; receptors may also be involved in triggering the release of
TNF from rat microglia, given that: (1) a relatively high concen-
tration of ATP (1 mM) is needed to ensure that TNF is released,
{2) the P2X, agonist BzATP is much more effective as an inducer
of TNF release than ATP (Hide et al,, 2000), and (3) the P2X,
antagonist BBG is a powerful inhibitor of ATP-BzATP-induced
TNF release (Fig. 3A,B}. We have also shown that BBG inhibits
the activation of JNK and p38 but not ERK, thereby indicating
that P2X, receptors may well be involved in the activation of JNK
and p38. The P2X, receptor signaling pathways that lead up to the
activation of MAP kinases still have to be properly characterized.
Our data suggest that a PTK may be involved in activating JNK
and p38 but not ERK. Although we do not know which PTK is
involved, it may be an sre-family tyrosine kinase such as Lys or
Lck, primarily because the sre-family PTK-selective inhibitor
PP2, but not its negative control PP3, strongly suppresses JNK
and p38 activation as well as ATP-induced TNF release. As sug-
gested recently by Denlinger et al. (2001), the Src homology 3
{SH3) domains of sre-family kinases may well interact with the
SH3 domain-binding motif in the P2X; C-terminal domain. It
has also been reported that AMPA receptors, which also act as
glutamate ion channel receptors, are capable of promoting glial
cell line-derived neurotrophic factor release by a mechanism that
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Figure 5.  Effects of BzATP on the viability of primary cortical neurons in *neuron alone” *

culturres or neuron—microglia cocultures. Primary cuttuces of rat cortical neurons alone {4) or
cocusftures of neurons with microglia ( 8) were treated with 100 s BzATP for 24 hr and then
stimulated with 100 um glutamate for 10 min, After 24 hr of incubation, neuranal celi viability
was determined by MTT assay. Values are expressed as mean == SEM of percentage of viabifity
of control cefls from three independent experiments, **p <C 0.01, significantly different from
glutamate alone (t test). n.s., Not significant. £, Effects of TAPI, TACE inhibitor, anti-TNF, and
B8BG on BzATP-induced neuroprotection, Cortical neurons cocultured with microglia were
treated with 50 pem TAPL, 10 pog/mil anti-TNF, and 1 Lo BBG for 5 min before BzATP application.
After 24 hrof coculture, the neurons were stimulated with 100 s glutamate for 10 min, After
24 hrof additional incubation, neuroral cell viability was determined by MTT assay. Values are
expressed as mean = SEM of percentage of viahility of control cells from three independent
experiments, **p << 0.01, significantly different from 8zATP- glutamate appfication (¢ test}. D,
Effects of TAPi on BzATP-induced TNF release from rat microglia. ***p << 0.001.

is: (1) dependent on the Lyn tyrosine kinase and (2) independent
of ion flux (Hayashi et al,, 1999). ATP-induced p38 and JNK
activation does not appear to be associated with Ca®* influx
(Hide et al., 2000; our unpublished observation), so it is conceiv-
able that any sre-family PTK family that plays a part in the trans-
duction of the P2X, receptor does so because of its C-terminal
domain rather than because of its ability to function as an ion
channel.

P2X, receptors are believed to be involved in the activation of
ERK in several cell types (Panenka et al., 2001; Budagian et al,,
2003; Gendron et al., 2003). In the present study, however, acti-
vation of ERK by ATP (or even by the more powerful BzATP) was
not sensitive to the P2X, antagonist BBG. Several lines of evi-
dence point to the involvement of other P2 receptors in the acti- *
vation of ERK. It has been demonstrated, for instance, that in rat
primary astrocytes, ATP activates ERK via a P2Y-PKC8—phos-
pholipase D pathway (Neary et al., 1999), whereas the ATP re- -
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leased during stretch is more likely to activate ERK through P2X,
and P2Y, (Neary et al.,, 2003). ADP and UTP also activate ERK
possibly via P2Y,, and P2Y, receptors expressed on microglia.
Together, these findings lend support to the view that ERK acti-
vation may involve several non-P2X; P2 receptors. However, a
recent study in which P2X; C-terminal and N-terminal mutants
were expressed in human embryonic kidney 293 cells established
that the N terminal of P2X, has an essential role in ERK activation
and that the C terminal is required for Ca** entry (Amstrup and
Novak, 2003). One possible explanation for the obvious discrep-
ancy between these results and our findings could be that the
P2X, N-terminal-associated activation signals are insensitive to
BBG; unfortunately, we do not yet know whether this is the case.
Nevertheless, ERK activation is clearly important for TNE-
producing cells, given that it plays a key role in both the produc-
tion of TNF and its subsequent release and that it does so by
modulating the activity of TACE, a protein that converts 26 kDa
membrane-bound pro-TNF into 17 kDa soluble TNF at the cell
surface {Bezzi et al., 2001).

It is stili not entirely clear whether microglia protect or harm
neurons or whether TNF is beneficial or toxic (Arnett et al,, 2001;
Combs et al., 2001; Fontaine et al., 2002). Thus, for example, TNF
appears to enhance injury, as shown by the fact that the injection
of neutralizing TNF antibody into lesion sites significantly re-
duces experimental ischemic and traumatic injury {Barone et al.,
1997; Meistrell et al., 1997). There is also recent evidence that
indicates that TNF can provide protection to neurons because it
is able to encourage the expression of anti-apoptotic and anti-
oxidative proteins. Moreover, evidence from experiments in
TNF-deficient mice indicates that although TNF has a deleterious
effect during the acute tesponse that occurs in a traumatized
brain, it also has a key part to play in both the long-term behav-
joral recovery and the histological repair of the tissues (Scherbel
etal.,, 1999). It is of course possible that the effects of TNF depend
just as much on the postinjury time course as on its expression
levels. Recent reports indicate that the dual actions of TNF are
mediated via different TNF receptors, with the p55 TNF receptor
1 (TNFR1) eliciting neurotoxic effects and the p75 TNF receptor
2 (TNFR2) eliciting neuroprotection (Yang et al., 2002). Interest-
ingly, these two receptors have been shown to have similarly spe-
cific roles in oligodendrocytes, with TNFR1 being implicated in
demyelination and TNFR2 in remyelination (Arnett et al., 2001).

Given that one of our primary aims in this study was to better
understand the biological significance of the TNF that is released
from ATP- or BzATP-activated microglia, we decided to con-
struct a primary neuron-microglia coculture system that could
be used to screen for possible effects. Our results clearly demon-
strate that BzATP-stimulated microglia provide neurons with ef-
fective protection against glutamate-induced cell death. This pro-
tective effect appears to be mediated by a soluble factor or factors
released from P2X,-activated microglia. One such neuroprotec-
tive factor is almost certain to be TNF, because microglia-
mediated neuroprotection was suppressed in the presence of ei-
ther TACE inhibitor or anti-TNF antibody. Given that ATP is
likely to be released by cells that have been damaged by trauma,
inflammation, or ischemia, and that low ATP concentrations can
lead to chemotaxis of microglia {Honda et al., 2001}, it seems not
unreasonable to hypothesize that ATP can act as an emergency
messenger that recruits microglia to a damaged brain area, at
which point a pathway that involves ATP-activated P2X; recep-
tors takes over and provokes the microglia to secrete neuropro-
tective factors such as TNF.

Here, we provided new information about the mechanisms
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that underlie the production of TNF via P2X, receptors and MAP
kinases in rat microglia and have clearly established a neuropro-
tective role for the TNF that the ATP-activated microglia may go
on torelease. A better understanding of the mechanisms by which
microglia are transformed into cells that can protect neurons,
including the mechanism that leads to P2X;, receptor activation,
will undoubtedly help in the development of more rational ap-
proaches to the entire spectrum of neural diseases.
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TIRF imaging of docking and fusion of single insulin granule motion in
primary rat pancreatic g-cells: different behaviour of granule motion
between normal and Goto—Kakizaki diabetic rat g-cells

Mica OHARA-IMAIZUMI, Chiyono NISHIWAKI, Toshiteru KIKUTA, Shintaro NAGAI, Yoko NAKAMICHI and Shinya NAGAMATSU!
Department of Biochemistry {It), Kyorin University School of Medicine, Shinkawa 6-20-2, Mitaka, Tokyo 181-8611, Japan

We imaged and analysed the motion of single insulin secretory
granules near the plasma membrane in live pancreatic B-cells, from
norma! and diabetic Goto-Kakizaki (GK) rats, using total internal
reflection fivorescence microscopy (TIRFM). In normal rat pri-
mary B-cells, the granules that were fusing during the first phase
originate from previously docked granules, and those during the
second phase originate from ‘newcomers’. In diabetic GK rat
B-cells, the number of fusion events from previously docked gra-
nules were markedly reduced, and, in contrast, the fusion from
newcomers was still preserved. The dynamic change in the num-
ber of docked insulin granules showed that, in GK rat 8-cells,
the total number of docked insulin granules was markedly de-

creased to 35 % of the initial number after glucose stimulation.
Immunohistochemistry with anti-insulin antibody observed by
TIRFM showed that GK rat S-cells had a marked decline of
endogenous insulin granules docked to the plasma membrane,
Thus our results indicate that the decreased number of docked
insulin granules accounts for the impaired insulin release during
the first phase of insulin release in diabetic GK rat g-cells.

Key words: diabetes mellitus, exocytosis, insulin release, mem-
brane fusion, pancreatic S-cell, total internal reflection fluore-
scence microscopy (TIRFM).

INTRODUCTION

Imaging techniques are powerful tools for detecting vesicle traf-
ficking in live cells and they have provided significant advances
in understanding the mechanism of exocytosis [1-3]. In parti-
cular, the use of total internal reflection fluorescence microscopy
(TIRFM; also called evanescent wave microscopy), which allows
fluorescence excitation within a closely restricted domain close
to the plasma membrane (within 100 nm) [4], has permitted
us to observe single insulin granules undergoing exocytosis. We
have previously reported a new approach that uses a GFP (green
fluorescent protein)-tagged insulin granule system combined with
TIRFM using insulinoma MING6 cells [5], which allowed us to
observe the docking and fusion of a single insulin granule with a
high degree of time resolution. Nevertheless, TIRF imaging using
primary B-cells was required to examine the altered exocytosis
in diabetic S-cells, because the use of an animal model of disease
is essential to reveal the pathophysiology.

In Type Il diabetes, the impaired insulin release in the pancreatic
B-cells when stimulated by glucose is well established [6]; in
particular, the B-cell defect in Type II diabetes is characterized
by a lack of first-phase insulin release in response to glucose
stimulation [7,8]. Although the precise molecular mechanism of
insulin release has yet been determined, it is generally accepted
that the ATP-sensitive K* channels play a central role in insulin
release [9,10]. Because the electrophysiological properties of the
ATP sensitivity of the ATP-sensitive K* channels are not altered
in the B-cells in diabetic animal models [11,12], impairments of
the glucose metabolism may be involved in the defect in insulin
release. Indeed, there are several reports that have shown that
abnormal glucose metabolism in diabetic S-cells contributes to a
failure in insulin release [13-16).

On the other hand, the fundamental components of the secretory
machinery required for the docking and fusion of vesicles in neu-
ronal cells [17] are also expressed in pancreatic S-cells [18,19].
We [20] and others [21,22] have demonstrated that the expression
of the insulin exocytosis machinery, such as SNARE (soluble
N-ethylmaleimide-sensitive fusion protein attachment protein
receptor) proteins, is impaired in diabetic Goto—Kakizaki (GK) rat
islets. Therefore, it is conceivable that there must be impairments
in the insulin exocytotic process in diabetic S-cells; however, so
far there has been no direct evidence to show that the final step of
insulin exocytosis is impaired in diabetic S-cells, because of the
limited methodologies previously available.

In the present study, we obtained high-resolved images of pri-
mary rat S-cells using a TIRF imaging system, which allowed
us to explore the impaired docking and fusion status of insulin
granules in live diabetic GK rat 8-cells.

EXPERIMENTAL
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 concentration in the fed
state, measured by the glucose-oxidase method with a glucose
analyser (Toecho Super, Kyoto Daiichi Kagaku, Kyoto, Japanj},
was 222+ 14 mg/dl (n=16) in GK rats and 104+ 11 mg/dl
{n=18) in control rats respectively (P < 0.0001). Pancreatic islets
of Langerhans were isolated by collagenase digestion [20], with

Abbreviations used: FBS, fetal bovine serum; GFP, green fluorescent protein; eGFP, enhanced GFP; GK, Goto-Kakizaki; KRB, Krebs-Ringer buffer;
RRP, readily-releasable pool; TIRF, total internal reflection fluorescence; TIRFM, TIRF microscopy.
* To whom correspondence should be addressed (e-mail shinya@kyorin-u.ac.jp).
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some modification. Isolated islets were dissociated into single
cells by incubation in Ca®**-free Krebs-Ringer buffer (KRB)
containing 1 mM EGTA, and cultured on fibronectin-coated
(Koken Co., Tokyo, Japan) high-refractive-index glass coverslip
(Olympus) in RPMI 1640 medium (Gibco BRL), supplemented
with 10 % FBS (fetal bovine serum) (Gibco BRL), 200 units/ml
penicillin and 200 gtg/m! streptomycin at 37 °C, in an atmosphere
of 95 % air/5 % CO,.

Constructs and expression

Insulin-eGEP (enhanced GFP) cDNA expression veclor was ¢on-
structed in two steps. Human pre-proinsulin ¢cDNA pchi 1-19
{provided by Professor G. 1. Beil, Depariment of Biochemistry
and Molecular Biology, University of Chicage, Chicago, IL,
U.S.A.) lacking a TGA stop codon was amplified by PCR using
forward primer, 5-GAATTCCGGGGGTCCTTCTGCCATG-3
(EcoR1 site is italicized), and reverse primer, 5-GGATCC-
CAGTTGCAGTAGTTCTCCAGC-3', where TGA was replaced
by TGG. The product was subcloned into a pGEMTeasy vector
{Promega). The approx. 0.3 kb insulin cDNA fragment lacking
stop codon was cleaved by EcoR1 and BamH1 double digestion,
which was subcloned into the EcoR1 and BamH1 site of multiple
cloning sites of pEGFP-N1 (Clontech/BD Biosciences, Palo alto,
CA, U.S.A.). For the recombinant adenovirus production of insu-
lin-GFP, a ¢cDNA fragment containing pre-proinsulin and GFP
was cut by EcoR 1 and NotI restriction enzymes, which was ligated
into the pAdex1CA cosmid vector, and Adex1CA insulin-GFP
was prepared and amplified by the standard protocol (Takara
Shuzo Co., Kyoto, Japan) as described previously [23]. The re-
verse primer used here encodes the C-terminus of pre-proinsulin,
ending LENYCNWD. The fusion with the N-terminus of eGFP
includes a short linker (provided by the pEGFP-N1 plasmid) such
that the sequence reads LENYCNWDPPVATM (the linker se-
quence is underlined and M is the first residue of eGFP). Thus
the junction between the C-terminus of pre-proinsulin and eGFP
is different to that used in a previously reported construct {24];
this difference may account for the differential trafficking of the
two constructs. For the infection of the pancreatic f-cells with
the recombinant adenovirus, cultured single cells were incubated
with RPMI 1640 medium (5 % FBS) and the required adenovirus
(Adex1CA insulin-GFP: 30 multiplicity of infection per cell) for
1 h at 37 °C, after which RPMI 1640 medium with 10 % FBS
was added. In normal primary S-cells infected with Adex1CA
insulin-GFP, GFP-tagged insulin co-localized with IAPP (islet
amyloid polypeptide) (results not shown), a marker for the insulin-
containing large dense core granule [5], which indicated that
GFP-tagged insulin was correctly sorted into the insulin secretory
granules.

TIRFM

The Olympus total internal reflection system was used with minor
modifications. Light from an Ar laser (488 nm) or an He/Ne
laser (543 nm) was introduced into an inverted epifluorescence
microscope (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 100 x OHR; NA 1.65,
Olympus). To observe GFP, we used a 488-nm laser line for ex-
citation and a 515-nm long-pass filter for the barrier. To observe
the fluorescence image of Cy3, we used a 543-nm laser line and
a long-pass 590-nm filter. The infected cells on the glass cover-
slip (Olympus) were mounted in an open chamber and incubated
for 30 min at 37 °C in KRB containing 110 mM NaCl, 4.4 mM
KCl, 145 mM KH,PO,, 1.2 mM MgSO,, 2.3 mM calcium

© 2004 Biachemical Society

gluconate, 4.8 mM NaHCO;, 2.2 mM glucose, 10 mM Hepes «
(pH 7.4) and 0.3 % BSA. Cells were then transferred onto the
thermostat-controlled stage (37 °C). Stimulation with glucose was
achieved by addition of 52 mM glucose/KRB into the cham-
ber (final glucose concentration, 22 mM). Diodomethane sulphur
immersion oil (Cargille Laboratories) was used to make contact
between the objective lens and the coverslip. Measured penet-
ration depths at 8 =61.3° was about 80 nm [5].

Acguiring the images and analysis

Images were collected by a cooled charge-coupled-device camera
(Micromax, MMX-512-BFT, Princeton Instruments; operated
with Metamorph 4.6, Universal Imaging). Images were acquired
every 50 ms, Most analyses, including tracking (the single pro-
jection of different images) and area calculations, were performed
using Metamorph software. To analyse the data, fusion events
were manually selected, and the average fluorescence intensity
of individual granules ina 1 pm x 1 wm square placed over the
granule centre was calculated. The number of fusion events was
manually counted while looping 15000 frame time-lapses. Se-
quences were exported as single TIFF files and further processed
using Adobe Photoshop 6.0 or they were converted into
QuickTime movies,

Immunohistockemical analysis

Cells were fixed, made permeable with 2 % paraformaldehyde/
0.1 % Triton X-100, and processed for immunocytochemistry as
described previously [23]. Cells were labelled with monoclonal
anti-insulin antibodies (Sigma), then processed with Cy3-conju-
gated anti-mouse IgG antibody (Amersham Pharmacia Biotech).
Immunofluorescence staining was detected with TIRFM.

RESULTS

TIRF imaging analysis of single insulin granules undergoing
exocytosis in normal rat primary pancreatic g-cells

Figure 1(A) shows the real-time TIRF images of a single insulin
granule motion when stimulated by 22 mM glucose for 15 min in
normal rat primary pancreatic S-ceils (see Supplemental Movie 1,
http:/fwww.Biocheml.orghby/381/bj3810013add htm). The sequen-
tial images of single granules obtained every 50 ms revealed a
marked difference in exocytotic pathways between the first (0—
4 min) and second phase (>4 min). During the first phase, within
the first 240 s after the addition of 22 mM glucose, the fusing
granules originated mostly from morphologically previously
docked granules, the so-cailed ‘residents’ that were visible before
glucose stimulation (Figure 1A, resident). As shown in the se-
quential images of single granules, the fluorescent spot remained
nearly constant, as if it were docked to the plasma membrane,
then suddenly brightened and vanished within 300 ms. The
fusing granules during the second phase arose from ‘newcomers’,
which had been absent or only dimly visible before stimulation,
but which probably pre-existed in a reserve pool (Figure 1A,
newcomer). It is quite interesting that the newcomer was fused
immediately after it reached the plasma membrane. The time from
landing to fusion was less than 50 ms.

‘We then measured the dynamic changes in the number of insn-
lin granules docked to the plasma membrane during the time
course of glucose stimulation. The number of previously docked
granules decreased, because fusion occurs in previously -
docked granules during the first phase (Figure 1C, dark grey line),
whereas newly recruited granules docked and remained on the cell
surface (Figure 1C, light grey line); as a result, the total number of .
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Figure 1 TIRF Images and analysis of single GFP-labelled insulin granule motion in normal rat primary g-cells during glugose-induced biphasic insulin
release

(A) The real-time motion of GFP-labelled insulin granules was imaged close to the plasma membrane {50-ms ntervals) (see Supplemental Movie 1, hilp:/fwww Bischemd.org/bj/381/
bj3810013add him). Sequential images {1 wm x 1 zm) of a granu'e docking and fusing with the plasma membranie were presented during stimulation with 22 mM glucose. ‘Besident’ indicates thal
the margholegically previcusly decked granule is fused with the pfasma membrane. Fusion &5 observed as the rapid spread of brightened fluorescence, followed by its disappearance. ‘Newcomer'
indicates that the granusles approach from the inside {being absent hefore stimulation with 22 mM glucose), reach the plasmalemma and then are quickly fused. {B) Histogram showing the number of
{usion gvents (per 200 zem?) al 60-s intervals after stimulation (n = 10 cells). The black columns show the fusion from residents, and the grey columns shows that from newcomers. During the first
phase, fusion occurs mostly from resfdents. The fusing granules during the second phase eriginate mestly from newcomers. {C) Time-cdependent change of the number of insufin granules docked to
the pfasma membrane during glucose stimulation. The number of previously docked granutes (dark grey fine) and tha! of newly recruited granules (light grey line) during glucase-stimulation were
determined by counting the granules on each sequential image. The black line represents the total number af granules docked !o the plasma membrane, which corresponds to the sum of dark and
light grey lines in the time course. Time 0 indicale the addition of 22 mM glucose, and the number of docked granules is presented per 200 pem?2,

docked granules, which is the sum of previously docked granules
and newly recruited granules (Figure 1C, black line), was only
slightly decreased to approx. 80% of the level before glucose
stimulation. This finding was apparently different from results
in insulinoma MING cells, in which the total number of docked
granules increased up to 140 % of the initial number after 15 min
of glucose stimulation [5].

Docking and fusion of insulin secretory granules in diabetic
GK rat g-cells

The docking and fusion process of GFP-tagged insulin granules
were imaged in diabetic GK rat B-cells. TIRF images revealed
that the fusion from previously docked granules with 22 mM
glucose stimulation was rarely observed during the first phase

© 2004 Biochemical Sociaty
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Figure 2 TIRF images and analysis in diabetic 8-cells prepared from GX rat pancreas

(R) TIRF image during glucose stimulafion (see Supplemental Mavie 2, hitp:/www.Bicchem.org/bi/381/bj3810013add.htm) and sequential images of a granule docking and fusing during the
second phase. (B) Histogram of the aumber of fusion events (per 200 .m?} in dizbetic B-cells at 60-s intervals after stimulation {n = 10 cells). The black and grey columns represent the fusion
from residents and newcamers respectively. {C) Time-dependent change of the number of docked granules. A line graph shows the dynamic change of docked granules in diabefic 8-¢ells during

glucose stimulation as outlined above {r =10 cells).

(see Supplemental Movie 2, http://www.Biochem].org/bj/381/
bj3810013add.htm), although there were still some previously
docked granules observed at the plasma membrane (Figure 2A),
The number of fusion events (2.4 +0.8 in 0—4 min) during the
first phase was markedly reduced in diabetic GK rat S-cells (Fig-
ure 2B} compared with that (30.7 £ 2.2 in 0—4 min) in normal
B-cells (Figure 1B). On the other hand, no marked differences were
observed between normal and diabetic 8-cells in the number of
fusion events, in particular, during the later second phase (normal,
20.2 + 1.3 in 10-16 min; diabetic, 19.5+ 1.2 in 10-16 min). As
shown in Figure 2(B), in GK rat f-cells, there was a marked
reduction in the fusion from previously docked granules, and, in
contrast, fusion from newcomer was almost intact, although the

© 2004 Biochemical Society

number of fusion events from newcomers slightly decreased.
The sequential images of a single insulin granule during the
second phase showed that there was not different from that ob-
served in normal B-cells (Figure 24, right-hand panel).

We then analysed the dynamic changes in the total number
of docked granules during glucose stimulation using these TIRF
images. In GK rat B-cells, the initial number of GFP-labelled
docked insulin granules before glucose stimulation was already
reduced (35.7 + 2.4 versus 108.4 £+ 12,9, GK B-cells versus nor-
mal B-cells; P < 0.0001, n = 10 cells). The total number of docked
granules in the time course during glucose stimulation remained
low, because there was no appreciable number of newly recruited
granules to eventually dock to the cell surface and there was
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Figure 3 Histochemical study of insufin granules docked to the plasma
membrane in normal and diabetic g-cells

{R) Endogenous insulin granules in normal and diabetic g-cells imaged by TIRF microscopy.
(elts were fixed wilh parafarmaldehyde and then immunostained for insulin. The scale bars
represent 5 pem, (B) The number of insulin grarules marphelogically docked 1o the plasma
membrane {per 260 .m?) in narmal and diabetic B-cells by TIRF images {n =12 cells). (€) The
nurber of docked aranules normatized using cellular insulin content {12.6 + 2.6 versus 21.7 +
2.6 pofeelt, GK rat g-cell versus normal cell). The total insulin cantent in each cell was derived
from the total amount of insulin in cultured cells assayed by ELISA, divided by the number of
cells and used to nermalize the counts. *P < 0.0001 compared with normal g-cells.

an impairment in the cell’s ability to retain the already docked
granules on the cell surface (Figure 2C). As a result, the total
number of docked granules decreased to 35 % of initial number
after 15 min of glucose stimulation. The finding that fusion from
previously docked granules is severely impaired, even though
that of newcomers originating from inside the granule pool is
still preserved, supports our hypothesis that the insulin exocytotic
pathway during the second phase is different from that during the
first phase.

Decreased number of endogenous docked insulin grantles in
diabetic GK rat g-cells observed hy TIRFM

Because granules that were fusing mostly originated from pre-
viously docked granules during the first phase (Figure 1A), we
thought that the total number of endogenous insulin granules
docked to the cell surface must decrease in GK f-cells. Therefore
we counted the number of docked insulin granules using TIRFM
in normal and diabetic f-cells by immunostaining with anti-
insulin antibody. Although observing the immunostained insulin
granules by epifluorescence microscopy did not allow us to count
the individual granules {results not shown), TIRF imaging clearly
depicted the single insulin granules morphologically docked to
the plasma membrane (Figure 3A), and thus we could count the
number of docked insulin granules. As expected, the GK rat
B-cells showed a marked decline in the number of docked insulin
granules to 33 % of normal levels (81 £ 13 granules per 200 um?
versus 246+ 11 per 200 um?; P < 0.0001, n=12cells) (Fig-
ure 3B). In order to exclude the possibility that this reduction

1st phase

Fipure 4 Proposed madel for biphasic Insulin exocytosis mechanism

During the lirst phase, seme of the previously dacked granules are primed by an unknown
mechanism and form the RAP. The rise in infracellular [Ca2*] evokes the fusion evenls from
granules in such a pool. Buring the second phase, the granules jump direclly from the reserve
pool to the fusion site on the plasma membrane without approaching the RRP and are quickly
fused.

is related to the insulin expression levels, the number of granules
was normalized using cellular insulin content (12.6 & 2.6 versus
21.7 1 2.6 pgfeell, GK B-cell versus normal cell). The results
demonstrated that the number of docked granules was also de-
creased in GK rat f-cells to 57 % of normal levels (Figure 3C),
suggesting that this reduction of docked granules was not related
to the level of insulin expression.

DISCUSSION

TIRF images of a single insulin granule motion in normal primary
B-cells showed that there was a difference in the behaviour of insu-
lin granule motion between insulinoma MING cells and primary
pancreatic B-cells. In primary pancreatic f-cells the newcomer
was fused immediately after it reached the plasmalemma. In insu-
linoma MING cells, newcomers remained on the plasma mem-
brane for 66 4 13 s prior to fusion [5}. Furthermore, there was a
distinct difference in the change of the total number of docked gra-
nules during glucose stimulation. Thus the dynamics of insulin
granule motion near the plasma membrane in primary S-cells is
not exactly same as that observed in insulinoma MING cells. The
present results in primary B-cells provide new insight into the bi-
phasic insulin exocytotic mechanism: during the second phase,
granules from the reserve pool are directly fused without ap-
proaching the RRP (readily-releasable pool), and the exocytotic
pathway during the second phase does not take the same route of
exocytosis as that seen during the first phase (Figure 4).

We analysed the docking and fusion of insulin granules in
diabetic GK rat B-cells. Our results demonstrated that in GK rat
B-cells: (1) fusion from previously docked granules was almost
abolished during first phase, (2) the supply and the ability to retain
the granules on the cell surface were impaired, and (3) the number
of docked insulin granules decreased, which suggested that the
impaired docking followed by fusion plays a role in a loss of
insulin exocytosis during the first phase.

It is of interest that the number of docked insulin granules was
markedly decreased in diabetic GK rat 8-cells to approx. 30% of
normal! levels. This reduction of docked insulin granules was not
due 10 a decreased insulin content in diabetic S-cells (Figure 3C).

© 2004 Bipchemica! Society
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Thus the decrease of docked insulin granules in GK rat S-cell
may be one of factors to cause the reduced fusion events during
the first phase of insulin release. However, the decreased number
of fusion events appears not always to be proportional to the
decrease in the number of docked granules, because few fusions
were observed during the first phase, despite there being a number
of docked granules remaining on the cell surface. This observation
suggests that a reduction in fusion events results from not only
the decreased number of docked granules, but also probably from
impairments to the priming step [25) from docking to fusion; in
other words, the process of unprimed docked granules becoming
primed docked granules (RRP) or that from RRP to fusion must
be disturbed in diabetic A-cells.

In conclusion, we present direct evidence that there is an im-
paired docking and fusion of insulin granules in diabetic g-cells,
which contributes to the loss of first-phase insulin release.
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Secretory vesicle exocytosis is a highly regulated pro-
cess involving vesicle targeting, priming, and membrane
fusion. Rabs and SNAREs play a central role in executing
these processes. We have shown recently that Rab27a and
its effector, granuphilin, are involved in the exocytosis of
insulin-containing secretory granules through a direct
interaction with the plasma membrane syntaxin la in
pancreatic beta cells. Here, we demonstrate that fluores-
cence-labeled insulin granules are peripherally accumu-
lated in cells overexpressing granuphilin. The peripheral
location of granules is well overlapped with both localiza-
tions of granuphilin and syntaxin 1a. The plasma mem-
brane targeting of secretory granules is promoted by
wild-type granuphilin but not by granuphilin mutants
that are defective in binding to either Rab27a or syntaxin
1a. Granuphilin directly binds to the H3 domain of syn-
taxin 1a containing its SNARE motif. Moreover, introduc-
tion of the H3 domain into beta cells induces a dissocia-
tion of the native granuphilin-syntaxin complex and a
marked reduction of newly docked granules. These re-
sults indicate that granuphilin plays & role in tethering
insulin granules to the plasma membrane by an interac-
tion with both Rab27a and syntaxin 1a. The complex for-
mation of these three proteins may contribute to the speec-
ificity of the targeting process during the exocytosis of
insulin granules.

Intracellular fusion of vesicles or organelles with their target
membranes is a common reaction of the compartmental struc-
ture of enkaryotic cells that is mediated by dynamic molecular
assemblies involving conserved protein families. Central to
these reactions are Rab GTPase and soluble N-ethylmaleimide-
sensitive factor attachment protein receptors (SNAREs),’
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which are conserved from yeast to man (1). The membrane-
anchoring SNAREs form a four-helix bundle in a ternary pro-
tein complex that is thought to drive a fusion reaction. By
contrast, many Rabs act on a more upstream process in the
initial physical contact between a vesicle and its target (2). This
process, known as tethering or docking, may provide specificity
to membrane fusion.

Both yeast and mammalian systems have revealed various
tethering factors. Some of them are large multisubunit com-
plexes and others are long coiled-coil proteins (3). The former
include the exocyst {the Sec6/8 complex), the conserved oligo-
metric Golgi complex (the Sec34/35 complex), the transport
protein particle complexes (TRAPP-I and -II), and the Class C
Vps complex {the homotypic fusion and vacuole protein sorting
complex), and the latter are represented by p115 (yeast Usolp)
and EEA1. The monomeric tethering factor directly binds to
Rab and functions as an effector protein, whereas the large
complexes are associated with events upstream or downstream
of the Rab function. These tethering factors are commonly
expressed in almost all cells and function in constitutive pro-
cesses depending on the accumulation of cargo. Compared with
these pathways, the regulated secretory pathways that have
developed in neuroendocrine cells have a unique property,
which is first to store specific cargo and then to release it only
in the presence of secretagogues. Because fusion frequencies
and vesicle demands continuously change as a function of the
external stimuli in regulated secretory pathways, releasable
vesicles must be replenished in concert with fusion events.
Therefore, the tethering process in regulated secretory path-
ways needs additional regulation compared with that in other
pathways.

As in neurons, pancreatic beta cells express many compo-
nents of secretory machinery, including Rab3 and its effector
RIM, the SNAREs (synaptobrevin2, synaptosomal-associated
protein 25, and syntaxin la), and SNARE-associated proteins
(Munc13-1 and Munc18-1) (4, 5). They appear to function in the
exocytosis of insulin-containing secretory granules, although
the precise mechanism still is unclear. Although the central
fusion players are shared in endocrine cells and neurons, pro-
teins expressed in a specific cell need to be characterized. This
is because each regulated secretory pathway, depending on the
function of the specific cargo, has developed unique organelles
in which the morphological appearance, release kinetics, and
biogenesis are distinct. For example, synaptic vesicles in neu-
rons are placed at the active zone opposite the synaptic cleft
and undergo rapid cycles of exocytosis and endocytosis at the
nerve termini. Vesicle recycling does not require input from the
biosynthetic pathway because the neurctransmitter is refilled
by specific transporters on the vesicle membrane, By contrast,
secretory granules in endocrine cells are exocytosed with a
slower onset but for a longer duration and rely on de novo

This paper is available on line at hitp://www.jbc.org
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synthesis of polypeptides in the endoplasmic reticulum and
transport through the Golgi network to the plasma membrane,
although they have no discrete docking sites. Even among
secretory granules in endocrine cells, there are some differ-
ences in exocytotic characteristics, For instance, pancreatic
beta cells contain a small number of insulin granules that are
docked below the plasma membrane, whereas chromaffin cells
contain a large number of morphologically docked vesicles {(6-
8). Thus, the tethering process in regulated secretory pathways
likely is diverse.

From the analysis of genes preferentially expressed in pan-
creatic beta cells, we have identified previously a novel set of
Rab and its effector, Rab27a and granuphilin, respectively,
both of which are specifically localized on insulin-containing
mature granules (9, 10}. Overexpression of Rab27a in beta cells
enhanced depolarization-induced insulin secretion without af-
fecting basal secretion, suggesting that granules in a pool
primed for fusion are accumulated by the action of Rab27a.
Granuphilin directly binds to the plasma membrane-anchored
SNARE, syntaxin la, and Rab27a regulates this interaction
(11). Our data, estimated by the universal function of Rab
effectors, suggest that granuphilin has a function in tethering
insulin granules with the plasma membrane at the docking
stage of exocytosis. In the present study, we provide both mor-
phological and biochemical evidence that granuphilin effi-
ciently induces the translocation of granules to the plasma
membrane. The tethering function of granuphilin requires its
interaction with both Rab27a and syntaxin 1a. We propose that
granuphilin regulates accurate targeting of insulin granules to
the exocytotic site by a specific interaction with syntaxin la.

EXPERIMENTAL PROCEDURES

DNA Construction—Partial cDNA fragments of mouse phogrin were
amplified from the MIN6G cDNA library by PCR using primers §'-CCA-
TGGACTGAGCGCCAAC-3 and 5-TTGTATGGCTCCAGCAACTG-3',
5. AGCCACGGTACCTTGTACAT-3' and 5-GATGTAGTCGGAACTG-
CCAT-3', and 5'-GAATGCACCCAAGAACCGTT-3' end 5'-CAGGACT-
GATATCCTGTTGC-8'. The amplified cDNAs were ligated to construct
full-length phogrin ¢cDNA. The resultant phogrin ¢DNA and the enha-
nced green fluorescent protein (EGFP) cDNA cut from the pEGFP-N2
vector (Clontech, Palo Alto, CA) were simultaneously subeloned into the
HindII1 and Notl sites of the pcDNA3 vector. Mouse Munc18-1 cDNA
similarly was amplified using primers 5 .GAAGACTCGAAGAACGCC-
AT-3' and 5'-TGTGGAGCTTGCATGTGAAC-3' and was cloned into the
pcDNAS-HA vector (11). Truncated fragments of syntaxin la were
constructed by PCR using pGEX-KG-syntaxin la-(1-264) (11) as a
template and cloned into the same vector. The granuphilin-a mutants
W118S and L43A and a recombinant adenovirus bearing each form of
granuphilin ¢cDNA were described and characterized previously (11).

Cell Culture and Transfection—MING and AtT20 cell lines were
grown in high glucose (25 mM) Dulbecco's modified Eagle’s medium
supplemented with 10% fetal calf serum except where indicated other-
wise. Transfections were performed with LipofectAMINE 2000 reagent
(Invitrogen) according to the manufacturer's instructions, MING cells
were transfected with the phogrin-EGFP plasmid, and stable clones
were selected in the presence of 1 mg/ml G418. Individual clones were
evaluated by fluorescence microscopy. Phogrin-EGFP was coimmunao-
localized with anti-insulin antibodies (60-90%) (see Fig. 1} as described
previously (12}

Antibodies-—The rabbit anti-granuphilin antibodies, aGrp-aC that
recognizes granuphilin-a (9}, aGrp-bC that recognizes granuphilin-b
(11), and aGrp-N that recognizes both granuphilin-a and -b (10), were
described and characterized previously. The rabbit anti-secretogranin
11T antibodies (13) were gifts from Drs. M. Hosaka (Gunma University)
and T. Watanabe (Asahikawa University School of Medicine). The
guinea pig anti-porcine insulin serum was a gift from Dr. T. Matozaki
and H. Kobayashi (Gunma University). Anti-syntaxin ia (HPC-1)
mouse, anti-Rab27a mouse, anti-ACTH mouse, and anti-hemagglutinin
(anti-HA; clone 3F10) rat monoclonal antibodies were purchased from
Sigma, Pharmingen, Biogenesis (Poole, UK), and Roche Diagnostics
(Mannheim, Germany), respectively.

Indirect Immunofluorescence Microscopy—Indirect immunoftucres-
cence analysis was performed as described previously (11). Briefly,
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MIN&/phogrin-EGFP cells (clone 41) cultured on 8-well Lab-Tek cham-
ber slides were fixed with 4% paraformaldehyde and permeabilized
with either 0.1% Triton X-100 or ice-cold methanol, The cells then were
incubated with primary antibodies followed by indocarbocyanine (Cy3)-
conjugated, species-specific anti-IgG secondary antibodies (Jackson Im-
munoResearch, West Grove, PA). Intrinsic EGFP and antibody staining
signals were observed with confocal microscopes TCS-SP2 (Leica Mi-
krosystems Vertrieb GmbH, Bensheim, Germany), LSM5 PASCAL
(Carl Zeiss, Jena, Germany), and MRC-1024 (Bio-Rad) or with an epi-
fluorescence microscope (BX-50; Olympus Optical Co., Tokyo, Japan)
equipped with & SenSys™ charge-coupled device camera (Photomet-
rics, Tucson, AZ).

A peripheral pattern of EGFP signals was quantified under a fluo-
rescent microscope as follows. MIN6/phogrin-EGFP cells were tran-
siently transfected with 0.1 ug of an expression plasmid encoding FLA-
granuphilin. The cells were incubated under a low glucose condition (2
mum) for 24 h. The cells then were fixed with 4% paraformaldehyde,
permeabilized with 0.05% Triton X-100, and incubated with anti-HA
rat monoclonal antibodies followed by Cy3-labeled anti-rat IgG. Cells
that revealed a linear distribution along a part of the plasma membrane
were judged as positive, whereas those that showed only a punctate
granular pattern were judged as negative. Cells that showed ambiguous
patterns, which constituted ~10% of the cells, were excluded from the
counting. Although only Cy3-positive, HA-granuphilin expressing eells
were judged in the assay, ~20% of untransfected cells normally show
the peripheral pattern of EGFP signals. For each experimeat, a total of
100 cells were unambiguously assessed.

Immunoprecipitation and in Vitre Binding Analysis—Immunoprecipi-
tation and immunoblot analyses were performed as described previously
(11). In vitro translation of HA-tagged proteins was performed using the
TNT-coupled reticulocyte lysate system (Promega, Madison, WI), Purified
glutathione S-transferage (GST)-fused proteins (1 pg) immobilized on 10
pl of glutathione-Sepharose beads were incubated with equal amounts of
in vitro translated proteins (6-10 y1} in binding buffer (20 mM Tris, pH
7.5, 150 mm NaCl, 2 mm MgClL,, 1 mm EGTA, 0.1% Nonidet P40) at 4 °C
for 3 h. The beads were washed three times, and the bound proteins were
subjected to SDS-PAGE and immunoblotting.

Subcellular Fractionation—Cells were suspended in buffer contain-
ing 250 mM sucrose, 20 mm HEPES (pH 7.4, 2 mM MgCl,, 2 mM EGTA,
and the following protease inhibitors: 1 m¥M phenylmethylsulfonyl flo-
oride and 5 pg each of aprotinin, pepatatin &, and leupeptin per ml. The
cells were homogenized for 40 strokes by the tight fitting Dounce
homogenizer and the cell condition was monitored under a microscope.
The total homogenate was centrifuged at 700 X g for 10 min to precip-
itate the nuclear and intact plasma membranes. The resultant super-
natant then was centrifuged at 12,000 X g for 20 min to separate the
heavy organelle fraction including the secretery granules from the
cytoplasmic materials. Fractionates were lysed in buffer (20 mM Tris,
pH 7.5, 150 mM NaCl, 2 mm MgCl,, 1 mM EDTA, 1% Triton X-100, and
the protease inhibitors described above), and equal proportions of each
lysate were subjected to SD3-PAGE and immunoblotting analysis.

Transduction of MING Cells with TAT Fusion Proteins—Isolation of
TAT-GFP and TAT-H3 was performed as described previously (14).
MING cells were transduced for 50 min with 70 pg/ml of TAT fusion
proteins, and the cell extracts were prepared as described for the
immunoprecipitation experiments.

RESULTS

Granuphilin Promotes Insulin Granule Targeting to the
Plasma Membrane—We demonstrated recently that Rab27a and
its effector granuphilin are peripherally localized on the mem-
brane of mature dense core granules in pancreatic beta cells and
regulate insulin secretion through interaction with the plasma
membrane t-SNARE, syntaxin 1a (10, 11). These biochemical
studies suggest that granuphilin plays a role in tethering two
membranes, secretory granules and the plasma membrane, at
the event of exocytosis. To explore this possibility, we morpheo-
logically assessed the function of granuphilin by tracing EGFP-
Jabeled granules. A MING cell line first was established that
expresses phogrin-EGFP fusion protein, which was shown previ-
ously to be properly targeted to insulin granules in pancreatic
beta cells (12, 15). Immunostaining analysis confirmed that pho-
grin-EGFP is almost entirely colocalized with insulin on secre-
tory granules but not on the perinuclear Golgi region (Fig. 1).
Using these cells, the motion of insulin granules can be followed
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Fic. 1. Insulin granules are traced by stable expression of
phogrin-EGFP in MING cells. MINS/phogrin-EGFP cells (clone 41)
were fixed and stained with aati-insulin and Cy3-labeled anti-guinea
pig 12G antibodies. Intrinsic EGFP fluorescence {a), Cy3 fluorescence
(b), and merged fluorescence (¢) are shown. Bar, 5 pm.

by tracking the EGFF fluorescence. When HA-tagged granuphi-
lin-a was transiently overexpressed, EGFP signals clearly were
redistributed at the peripheral region exactly where granuphilin
was colocalized (Fig. 24, arrows). In contrast, neighboring un-
transfected cells showed only punctate EGFP signals mainly
distributed around the Golgi/endosomal region (Fig. 24, aster-
isks), although some of these normally display a peripheral pat-
tern in this assay condition. These observations suggest that
overexpression of granuphilin induces translocation of insulin
granules toward the plasma membrane.

Next we used a recombinant adenovirus to express granuphi-
lin more efficiently in MIN6/phogrin-EGFP cells. In our study,
almost all cells were infected and expressed exogenous protein
(11). Cells infected with the adenovirus that expressed
granuphilin-a and -b uniformly exhibited a prominent periph-
eral redistribution of labeled granules corpared with those
expressing control B-galactosidase protein (Fig. 2B). Granuphi-
lin-b was more effective for the targeting of granules to the
plasma membrane. Furthermore, electron microscopic analysis
revealed an accumulation of dense core granules near the cell-
cell contact region in granuphilin-overexpressing MING cells.?

To see these phenomena biochemically, a conventional frac-
tionation procedure was employed. Total MING cell homoge-
nates (T} in sucrose buffer were centrifuged at low speed (700 X
g) to precipitate the plasma membrane sheets as well as the
nucleus (P1), The resultant supernatant then was centrifuged
at high speed (12,000 % g} to separate the heavy organelles
including dense core granules (P2) and other components con-
taining cytosol (8). In control cells expressing B-galactosidase
protein, the plasma membrane-associated syntaxin la mainly
was present in the P1 fraction, whereas peripherally granule-
associated Rab27a (10) and the granule content, secretogranin
IIT (SgIII) (13}, were distributed in the P2 fraction (Fig. 3,
upper panels). Overexpression of granuphilin-a by the adeno-
virus induced significant redistributions of Rab27a and Sglli

2H. Yokota-Hashimoto, S. Torii, and T. Izumi, unpublished
obszervations.
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Fic. 2. Overexpression of granuphilin promotes the targeting
of insulin granules to the plasma membrane. A, MIN6/phogrin-
EGFP cells were transiently transfected with 0.1 pg of an expression
plasmid encoding HA-tagged granuphilin-a. The cells were incubated
under a low glucose condition (2 mM) for 24 h. Then they were fized and
immunostained with anti-HA and Cy3-labeled anti-rat IgG antibodies.
Intrinsic EGFP fluorescence {a, a'}), Cy3 fluorescence (5, b'), and merged
fluorescence {¢, ¢') are shown. Plasma membrane accumulation of
EGFP signals was observed at the region marked by errows in cells
expressing HA-granuphilin-a. In contrast, neighboring untransfected
cells revealed only a punctate granular pattern of phogrin-EGFP-fluo-
rescence (asterisks). B, MIN6/phogrin-EGFP cells were infected with a
recombinant adenovirus bearing g-galactosidase {a}, granuphilin-a (b),
or granuphilin-b (¢) cDNA. The cells were cultured under a high glucose
condition (25 mM) and fixed after 12 h. The EGFP fluorescence was
observed. Bars, 10 pm.

from P2 to P1, suggesting that insulin granules were moved
into the heavier fraction containing the plasma membrane (Fig.
3, lower panels). The localization of phogrin, an integral gran-
ule-membrane protein, was similar to that of SgIIl, and the
immunereactivity of insulin was correlated with these changes
(data not shown). Thus, granuphilin overexpression changed
the subcellular localization of granule marker proteins. This
biochemical finding indicates that the redistributed granules
are engaged in distinet molecular interaction rather than sim-
ply forced against the membrane. These results, obtained using
the adenovirus expression system, strongly suggest that
granuphilin facilitates the docking of insulin granules to the
plasma membrane.

Granuphilin Promotes ACTH Granule Targeting to the
Plasma Membrane—Previous studies have shown that overex-
pression of granuphilin significantly inhibits high K*-induced
insulin secretion but enhances basal insulin secretion (11, 16).
Thus, the peripheral transloeation of granules by granuphilin
seen in beta cell line MING could be a mere reflection of aceu-
mulated granules resulting from the inhibition of secretion,
although the phenomenon was observed in both nonstimula-
tory (Fig. 24) and stimulatory glucose concentrations (Fig. 2B).
To exclude this possibility, we examined the effect of granuphi-
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Fig. 3. Granuphilin induces the redistribution of endogenous
granule marker proteins. MING cells were infected with an adeno-
virus bearing either g-galactosidase (upper parnels) or granuphilin-a
(ower panels) eDNA. The cells were extracted and fractioned by the
method described under “Experimental Procedures.” Equal proportions
of the fractions were analyzed by immungblotting with antibodies for
Sglll, Rab27a, or syntaxin 1a. The subcellular fractions are designated
as follows: T, total homogenate; PI, plasma membrane and nucleus; P2,
granules and heavy organelle; S, cytosol.

lin overexpression in pituitary corticotroph cell line AtT20.
This cell line also physiologically expresses Rab27a/b and
granuphilin (17) and does not stimulate hormone secretion in
response to a high glucose level in custom medium, which is in
contrast to MING cells. In addition, a relatively lower density of
granules in the peripheral cytoplasm of AtT20 cells enabled us
to distinguish each ACTH-positive spot. Cells infected with
adenovirus expressing granuphilin-b again induced a redistri-
buticn of granules along the plasma membrane (Fig, 44). Fur-
thermore, as with MIN® cells, biochemical fractionation anal-
ysis showed that granule marker proteins such as Sglll are
significantly redistributed in these cells (Fig. 48). Taken to-
gether, these results indicated that the periphera! redistribu-
tion of granules by granuphilin overexpression does not simply
reflect its inhibitory effect on secretion.

Grenuphilin Co-works with Syntaxin l1a on the Peripheral
Targeting of Insulin Granules—We demonstrated previously
that granuphilin is partially colocalized with and directly binds
to syntaxin la in pancreatic beta cells (11). Because syntaxin
1ais one of the SNARE proteins on the plasma membrane that
mediates the membrane fusion reaction, granuphilin may
tether insulin granules to the exocytotic site by an association
with syntaxin la. To explore this possibility, first we examined
the intracellular localization of syntaxzin la and EGFP-labeled
granules that are redistributed to the plasma membrane in the
granuphilin-overexpressing cells, The peripheral localization of
labeled granules overiapped well with the loeal distribution of
syntaxin 1a in cells overexpressing granuphilin-b (Fig. 54).

Next we examined the targeting activities of granuphilin
mutants that are defective in binding to either Rab27a or
syntaxin la. We demonstrated previously that the W118S and
I.43A mutations specificaily disrupt interactions of granuphilin
with Rab27a and syntaxin la, respectively (11). Overexpres-
sion of neither W118S nor L43A altered the distribution of
granules labeled by phogrin-EGFP in contrast to wild-type
granuphilin-a (Fig. 58). Some of the W118S-expressing cells
showed a more compact, Golgi-like EGFP fluorescence pattern
compared with control cells. Immunostaining of the W1188
mutant revealed a diffuse cytesolic distribution, which may
reflect the inert binding activity of this mutant to Rab27a (data
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Fi1G. 4. Overexpression of granuphilin promotes the targeting
of ACTH granules to the plasma membrane. A, AtT20 cells were
infected with a recombinant adenovirus bearing g-galactosidase (@) or
granuphilin-b (&) cDNA. The cells were fixed after 48 h and immuno-
stained with anti-ACTH and fluorescein isothiocyanate-labeled anti-
mouse IzG antibodies. The peripheral line-up of secretory granules was
observed at the region marked by arrowheads. Bar, 10 um. Insets show
the higher magnification {x3.2) pictures within the boxed greas. B,
AtT20 cells infected with the adenovirus were extracted and fractioned
as in Fig. 3. Equal proportions of the fractions were analyzed by immu-
noblotting with antibodies for SglIl. T, total homogenate; P1, plasma
membrane and nucleus; P2, granules and heavy organelle; S, cytosol.
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not shown). Although it is difficult to evaluate the targeting
activities quantitatively, cells with peripheral distribution of
EGFP signals were counted in conventional transfection assays
(under “Experimental Procedures™. Wild-type granuphilin-a
and granuphilin-b showed 59 * 5% and 76 * 4% (mean * S.E.,
n = 4) targeting activity, respectively. In contrast, W118S and
L43A mutants displayed much lower activity, 21 + 3% and
27 * 6%, respectively, which is comparable with levels found in
contrel cells (20 = 29%). These observations suggest that inter-
actions with both Rab27a and syntaxin 1a are required for the
targeting function of granuphilin.

Transduction of MING Cells with TAT-fused H3 Fragment of
Syntaxin la Inhibits the Plasma Membrane Docking of Insulin
Granules and the Formation of Granuphilin-Syntaxin la Com-
plex—Ohara-Imaizumi e al. (14) recently examined the effect
of a TAT-fused H3 fragment of syntaxin 1a on the exocytosis of
insulin granules in MING cells using an evanescent wave mi-
croscopic technique. Human immunodeficiency virus-1 TAT
protein can cross a biological membrane efficiently and pro-
mote delivery of fused peptides into cells. Ohara-Imaizumi et
al. (14) showed that the introduction of TAT-H3 inhibits the
Plasma membrane docking of newly arrived insulin granules as
well as the membrane fusion of predocked granules. These
findings suggest that syntaxin la is required for replenishment
of insulin granules into the docked pool. Combined with the



FiG. 5. Granuphilin targets secretory granules fo the plasma
membrane by the interaction with syntaxin 1a. A, MIN6/phogrin-
EGFP cells were infected with recombinant adenovirus bearing
granuphilin-b and fized after 12 h. The cells were permeabilized with
methanol and immunostained with anti-syntaxin la and Cy3-labeled
anti-mouse IgG antibodies. Intrinsic EGFP fluorescence (a), Cy3 fluo-
rescence (b), and merged fluorescence (c) are shown. B, MINé/phogrin-
EGFP cells were infected with a recombinant adenovirus encoding
wild-type granuphilin-a {a) or its point mutants, W1188 () and L43A
{c), and were examined for the plasma membrane targeting of EGFP
signals.

present findings, we thought that the reduced docking of gran-
ules by TAT-H3 might result from direct competitive interac-
tion with granuphilin between the H3 fragment and the endog-
enous syntaxin la. First we tested which domain in syntaxin la
is responsible for the interaction with granuphilin. Recombi-
nant GST-fused syntaxin fragments were produced and incu-
bated with HA-tagged granuphilins translated in vitro. In this
direct binding assay, both granuphilin-a and -b bound to a
C-terminal region of syntaxin 1a including the H3 domain as
well as its total cytoplasmic region, but not to an N-terminal
region including the Habc domain (Fig. 64). In contrast, HA-
Munc18-1 was coprecipitated with the full cytoplasmic region
of syntaxin 1a but not with the N-terminal or C-terminal frag-
ment as reported previously (18).

Next we introduced TAT-H3 peptides into MING cells and
confirmed that they significantly reduce the docking of newly
recruited granules as shown previously (14) (data not shown).
On this condition, we examined whether TAT-H3 treatment
causes dissociation of the endegenous granuphilin/syntaxin 1a
complex. After incubating cells with TAT proteins for 50 min,
cell extracts were prepared for coimmunoprecipitation experi-
ments. When TAT-H3 was introduced, the amount of syntaxin
la coprecipitated with anti-granuphilin-a or anti-granuphi-
lin-b antibodies was significantly decreased as compared with
the case of control TAT-GFP (Fig. 68). The expression levels of
granuphilins and syntaxin 1a were not influenced in this con-
dition, We could detect only a small amount of complex between
the TAT-H3 peptide and endogenous granuphilin using trans-
duced MING cell lysate. It is, however, difficult to use metal-
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Fig. 6. Transduction of H3 fragment of syntaxin la reduces a
native granuphilin-syntaxin complex in MINS cells, A, the GST-
fused syntaxin 1a total fragment (1-264 amino acids), N-terminal frag-
ment (1-178 amino acids), or C-terminal fragment (179-264 amino
acids) were incubated with in vitro transiated, HA-tagged granuphi-
lin-a, granuphilin-b, or Muncl8-1. Proteins that bound to the GST
fusion proteins were analyzed by immunoblotting with anti-HA anti-
bodies. B, TAT-syntaxin H3 or control protein TAT-GFP was trans-
duced into MING cells as described under “Experimental Procedures.”
Cell extracts were incubated with either anti-granuphilin-a (eGrp-aC)
or anti-granuphilin-b antibodies («Grp-bC). Each immunoprecipitate
(IP) was analyzed by immunoblotting with antibodies against syntaxin
1la. The expression levels of endogenous proteins in each cell lysate were
determined by immunoblotting with anti-granuphilin antibodies
(aGrp-N) and anti-syntaxin la antibodies.

binding beads for sedimentation of the Hisg-tagged TAT pep-
tide because efficient interaction of these proteins requires a
chelator.? Taken together, these data suggest that both
granuphilin and syntaxin 1a are involved in tethering of insu-
lin granules to the exocytotic site in the plasma membrane,
possibly through a direct interaction.

DISCUSSION

The slow and biphasic kinetics of insulin secretion from
pancreatic beta cells often is explained by the small population
of docked granules and the subsequent steps in which a num-
ber of granules are moved and targeted to the plasma mem-
brane (4, 19). The targeting process of secretory granules, how-
ever, has not been characterized in part because of the absence
of obvious vesicle docking sites such as the active zone in
neural cells. In the present study, we suggest that granuphilin
is a regulator for the plasma membrane targeting of insulin
granules in cooperation with Rab27a and syntaxin la.
Granuphilin efficiently promotes a peripheral redistribution of
insulin granules, which likely represents a physiological tar-
geting event because the same peripheral distribution was
observed in some cells without overexpression of granuphilin.
Qur previous demonstration that granuphilin directly and spe-
cifically binds to Rab27a and syntaxin la suggests that
granuphilin tethers insulin granules and the plasma mem-
brane through these interactions (10, 11, 20}, Consistently, two
kinds of granuphilin mutants that have a defect in binding to

7 8. Torii and T. Izumi, unpublished observations.



