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High-Level Expression of Golsyn/Syntabulin in Glandular Epithelium and
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Abstract: We recently identified a novel gene, named GOLSY N/Syntabulin, on human chromosome 8g23.2. In neurons,
GOLSYN/Syntabulin functions as a molecule linking syntaxin 1-containing vesicles to kinesin, and thus plays an essential
role in the transport of vesicles and mitochondria along neuronal processes. GOLSYN/Syntabulin is ubiquitously ex-
pressed in most peripheral tissues besides various brain regions. However, the physiological function in the periphery re-
mains unknown. In this study, we determined the expression of Golsyn/Syntabulin in various mouse organs by immuno-
histochemical analysis using anti-GOLSYN antibody. Golsyn/Syntabulin was abundantly expressed in the glandular epi-
thelium in the various peripheral organs examined: In exocrine glands, it was expressed in secretory cells, such as chief
cells in the stomach and pancreatic acinar cells; and in endocrine glands, it was detected in pancreatic islet cells, which are
endocrine cells that produce and release hormones including insulin and glucagon. The expression of Golsyn/Syntabulin
was drastically decreased in pancreas and liver by fasting, but it was not affected in the testis, which has no secretory
glands for food digestion. Subsequent refeeding recovered Golsyn/Syntabulin expression in pancreas and liver tissues to
almost control levels, indicating the association of its expression with food intake. Further, administration of gastrin or pi-
locarpine led to a remarkable increase in the expression level of Golsyn/Syntabulin in the pancreas. Since food intake,
gastrin, and pilocarpine are known to stimulate the secretion of pancreatic enzymes, Golsyn/Syntabulin may play an im-
portant role in the secretion process, including transport of secretory vesicles and/or exocytosis, in glandular epithelium.
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1. INTRODUCTION

Vesicular transport is an essential process for cellular
organization and functions including cell division, cell motil-
ity, formation of cellular polarity, and release of neurotrans-
mitters and hormones [1-3]. Vesicles carry membrane com-
ponents and soluble molecules referred to as cargo. The de-
livery of cargo via vesicular transport to their correct destina-
tion is ensured by complex molecular machinery [4]. Several
families of proteins, such as Rab GTPase, SNARE, and mo-
tor protein, are essential components in guiding vesicular
transport [5-7]. Further, adaptor proteins that act as a linker
between motor proteins and vesicles have been identified [8-
10]. Functional and structural characterization of these pro-
teins contributes to our understanding of the highly orga-
nized machinery required for intracellular vesicle transport.

Earlier we identified a novel gene encoding a transmem-
brane protein with a coiled-coil domain and determined its
location to be on human chromosome 8q23.2, to which pri-
mary open-angle glaucoma has been mapped. We named this
gene [18], because its product is localized to the Golgi appa-
ratus in epithelial cells and is homologous to syntaphilin,
a protein involved in guiding wvesicular transport
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[11, 12]. On the other hand, Su et al. isolated a gene from
human fetal brain cDNA library by using the degenerate
PCR technique [13]. This gene was named Syntabulin and
identical to human GOLSYN. In rat hippocampal neurons,
Syntabulin bound to both syntaxin 1 and the kinesin heavy
chain and functioned as a molecule linking both proteins,
enabling transport of vesicles containing syntaxin 1 to nerve
terminals [13, 14]. Further, Syntabulin was shown to be in-
volved in intracellular transport of mitochondria in neurons
[15], indicating that Syntabulin plays a crucial role in the
transport of vesicles and organelles in these cells.

Later we isolated m-Golsyn, the mouse ortholog of hu-
man GOLSYN, and mapped it to the region on mouse chro-
mosome 15B3.2 syntenic with human chromosome 8g23. m-
Golsyn was expressed not only in neuronal cells but also in
various organs and cell lines including epithelial cells [16,
17]. Golsyn/Syntabulin, therefore, may be involved in ve-
sicular transport in various organs other than the brain.

In this present study, we examined the expression of Gol-
syn/Syntabulin in various mouse organs. Golsyn/Syntabulin
was expressed mainly in epithelial cells, being abundantly
expressed in the glandular epithelium of various organs. In
pancreas and liver, fasting caused a marked decrease in Gol-
syn/Syntabulin expression, and refeeding after fasting recov-
ered its expression. Further, gastrin injection or pilocarpine
administration, both of which stimulate secretion of pancre-
atic enzymes, led to a remarkable increase in the Gol-
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syn/Syntabulin level in the pancreas. These findings indicate
that the expression level of Golsyn/Syntabulin is closely as-
sociated with the secretory process, suggesting that this
molecule is an important component in guiding vesicular
transport.

2. MATERIALS AND METHODOLOGY
2.1. Reagents

The following materials were purchased from the sources
indicated: pilocarpine and gastrin from Sigma Chemical Co.
(Saint Louis, MO); Histofine from Nichirei Co. (Tokyo, Ja-
pan); and Vectastain ABC kit and biotinylated anti-rabbit
IgG antibody from Vector Laboratories Inc. (Burlingame,
CA). Sources of other materials are given in the text.

2.2. Antibodies

Rabbit anti-GOLSYN antibody was generated as de-
scribed previously [18]. The following antibodies were pur-
chased from the sources indicated: anti-B-actin antibody
from Abcam Ltd. (Cambridge, UK); horseradish peroxidase-
conjugated, swine anti-rabbit immunoglobulins from Dako
Cytomation (Carointeria, CA); anti-mouse lg, peroxidase-
linked species-specific whole antibody from Amersham Bio-
sciences (Piscataway, NJ).

2.3. Animals and Treatment with Gastrin and Pilo-
carpine

Adult male ddY mice weighing 25 to 30 g (Japan SLC,
Hamamatsu, Japan) were housed in metallic breeding cages
in a room with a light-dark cycle of 12 hours/12 hours and
humidity of 55% at 25°C, with free access to food and water
for at least 2 days before use. In the fasting group, the mice
were housed with free access to only water for 24 hours. In
the refeeding group, the animals were housed with free ac-
cess to both food and water for 24 hours after the fasting
period. For administration of gastrin, the mice were injected
subcutaneously with 1 mg/kg of gastrin at 24 hours after
fasting. For pilocarpine administration, other mice, housed
with free access to food and water, were injected intraperito-
neally with 66 mg/kg of pilocarpine and had free access to
food and water until decapitation.

2.4. Preparation of Various Mouse Organs

The study protocol was approved by the Committee for
Ethical Use of Experimental Animals at Setsunan University.
All efforts were made to minimize animal suffering, to re-
duce the number of animals used, and to utilize alternatives
to in vivo techniques. Mice were killed, and then their pan-
creas, liver, and testis were quickly removed and immersed
into homogenizing buffer (10 mM Tris-HCI, pH 7.5, con-
taining 1 mM EDTA, 150 mM NaCl, 5 pg/ml leupeptin, 5
pg/ml aprotinin, 1 pg/ml pepstatin A, and 200 mM phen-
ylmethanesulfonyl fluoride). The tissues were then homoge-
nized by using a Physcotron NS-50 homogenizer. One-fourth
volume of 4 x SDS sample buffer (1 x SDS sample buffer =
62.5 mM Tris-HCI, pH 6.8, containing 2% SDS, 5% 2-
mercaptoethanol, 10% glycerol, and 0.1% bromophenol
blue) was added to each of the homogenates, which were
then boiled for 5 minutes, and sonicated for 30 times. The
resulting homogenates were subjected to immunoblot analy-
sis.
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2.5. Immunoblot Analysis

Immunoblot analysis was performed as described previ-
ously [16]. Briefly, proteins separated by SDS-PAGE on
7.5% of slab gels were transferred electrophoretically for 75
minutes at 100V onto a polyvinylidene difluoride membrane
(Millipore) in Transfer buffer (25 mM Tris, 192 mM glycine,
10% methanol). The membrane was then incubated over-
night at 4°C in Tris-buffered saline (TBS; 20 mM Tris-HCI,
pH 7.5, containing 150 mM NaCl) supplemented with 10%
non-fat milk. The membrane was next incubated with anti-
GOLSYN antibody (1:100), or anti-B-actin antibody
(1:2000) for 2 hours at room temperature. It was thereafter
washed 3 times with TBS containing 0.02% Tween 20 and
then incubated with HRP-conjugated anti-rabbit IgG anti-
body (1:1000) or anti-mouse IgG antibody (1:5000) for 1
hour at room temperature. Finally, the proteins were visual-
ized by use of an ECL PLUS Western Blotting Detection
System (Amersham Biosciences Corp.).

2.6. Immunohistochemistry

Sections of mouse organs were prepared as described
earlier [16]. Briefly, animals were perfused via the left ven-
tricle of the heart with saline, under anesthesia by an intrape-
ritoneal injection of pentobarbital (250 mg/kg, i.p.), and then
perfused with 4% paraformaldehyde (PFA; Nacalai Tesque).
After perfusion, the organs were removed, postfixed in 4%
PFA for 24 hours at 4°C, and then paraffin-embedded. Organ
sections at 5 um in thickness were cut and deparaffinized in
xylene. Next the sections were immersed in 0.3% hydrogen
peroxide in methanol for 5 minutes to block endogenous
peroxidase activity. Then they were incubated with 1% nor-
mal goat serum (Vector) at room temperature for 1 hour for
blocking, followed by incubation with anti-GOLSYN anti-
body (1:100) at 4°C overnight in the presence or absence of
an excess amount of the peptide used for the preparation of
the antibody. After incubation with biotinylated anti-rabbit
antibody against immunoglobulin G (1:200) for 30 minutes
at room temperature, the antibody was detected with the
avidin-biotin-peroxidase complex. Development was per-
formed by incubation with diaminobenzidine (Nichirei Bio-
science) for the times required to obtain brown-stained prod-
ucts. All sections were then counterstained with hematox-
ylin.

2.7. Statistical Analysis

Data were expressed as the means + S.E., which were
obtained from 3 to 5 different experiments with 3 to 5 ani-
mals per group in each experiment. Statistical differences
were evaluated by using Student’s t-test. A p-value of less
than 0.05 was considered to be statistically significant.

3. RESULTS

To determine the expression of Golsyn/Syntabulin pro-
tein in mouse peripheral organs, we prepared sections of
various organs from adult ddY mice and immunostained
them with anti-GOLSYN antibody. The sections were then
processed with hematoxylin-staining for the identification of
Golsyn/Syntabulin-positive cells. The specificity of the sig-
nals obtained with the antibody was verified by the absence
of a positive immunoreaction following the addition of an
excess amount of the peptide used for the preparation of the
anti-GOLSYN antibody.
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3.1. Distribution of Golsyn/Syntabulin in Mouse Periph-
eral Organs

3.1.1. Gastrointestinal Tract

Immunostaining of sections throughout stomach includ-
ing the cardia and pylorus was performed. Strong signals for
Golsyn/Syntabulin were observed in the fundic glands (Fig.
1A) and in the simple columnar epithelium of the gastric pits
(Fig. 1A and C); whereas the signals were not detected in the
presence of an excess amount of the peptide used for the
generation of the antibody (Fig. 1B). A magnified section of
fundic glands revealed an intense staining of the chief cells,
but not of the parietal cells (Fig. 1D). The signal observed in
these chief cells appeared to be stronger than that seen in the
epithelial cells of the gastric pits (Fig. 1D versus A, C). In
contrast to these cells, the G cells, which are endocrine cells
located at the pyloric glands, were weakly reactive with the
antibody (data not shown). There was no significant differ-
ence in the expression pattern of Golsyn/Syntabulin in the
various regions of the stomach (data not shown).

Fig. (2) shows the distribution of Golsyn/Syntabulin in
the small intestine. Strong signals for Golsyn/Syntabulin
were observed in the intestinal villi and crypts (Fig. 2A). An
adjacent section of small intestine used as a specificity con-
trol (immunogen-absorbed antibody) is shown in Fig. (2B).
Microscopic examination of the intestinal villi at high mag-
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nification demonstrated that Golsyn/Syntabulin was pre-
dominantly expressed in the absorptive epithelial cells and
plasmocytes, but not in the goblet cells (Fig. 2C). In the in-
testinal crypts, significant signal intensity was observed in
the crypt cells of the epithelium, but not in Paneth cells (Fig.
2E). Positive signals were also found in Meissner’s submu-
cosal plexus and Auerbach’s myenteric plexus, both of
which are distributed all over the small intestines (Fig. 2D
and E). The small intestine is anatomically composed of 3
different regions, the so-called duodenum, jejunum, and il-
eum; but there was no significant difference in the expres-
sion pattern of Golsyn/Syntabulin among these 3 regions
(data not shown).

3.1.2. Lungs

Prominent signals for Golsyn/Syntabulin were observed
in the bronchioles and the alveolar ducts (Fig. 3A). Incuba-
tion of an adjacent serial section of lung tissue with the pre-
absorbed antibody failed to produce any staining (Fig. 3B).
Golsyn/Syntabulin was specifically expressed in the bron-
chiolar epithelial cells (Fig. 3C). In the alveolar ducts, strong
signals were detected in the alveolar type | cells; whereas no
signal was found in the alveolar type Il cells (Fig. 3D). No
significant signals were detectable in the other regions of the
lung.

Fig. (1). Mouse stomach sections immunohistochemically stained with anti-GOLSYN antibody.

Stomach was collected from ddY mice (5 weeks of age), and serial sections were prepared at thickness of 5 um by use of a cryostat at -20°C.
The sections were stained with anti-GOLSYN antibody, as described under "Materials and Methodology." DAB solution was used as the
detection agent for Golsyn/Syntabulin immunoreactivity. All sections were counterstained with hematoxylin. (A) Gastric pits and fundic
glands showing immunoreactivity to the anti-GOLSYN antibody. (B) Control experiment using anti-GOLSYN antibody preabsorbed with
the peptide used for the generation of the antibody. Note that the control section in subsequent figures refers to the same type of control. (C)
Epithelial cells of gastric pits (solid arrows). (D) Chief cells (solid arrowhead) and parietal cells (open arrowhead). Scale bars, 40 um. Coun-
terstaining of sections with hematoxylin-eosin or periodic acid-Schiff indicated the expression of Golsyn/Syntabulin in epithelial cells of

gastric pits and chief cells.
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Fig. (2). Immunohistochemical detection of Golsyn/Syntabulin in the mouse small intestines.

Sections were prepared from the small intestines of ddY mice and stained with anti-GOLSYN antibody and hematoxylin as described in the
legend of Fig. (1). (A) Intestinal villus (1V) and intestinal crypts (IC). (B) Control section from the same region. (C) Absorptive epithelial
cells (open arrowheads), plasmacytes (solid arrowheads), and goblet cells (arrows). (D) Meissner's submucosal plexus (solid arrow). (E) Au-
erbach's myenteric plexus (solid arrow) and Paneth cells (open arrow). Scale bars, 40 um.
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Fig. (3). Immunohistochemically stained sections of mouse lung.
Sections of lung were stained with anti-GOLSYN antibody and counterstained with hematoxylin. (A) Respiratory bronchiole (RB), alveolar
ducts (AD), and alveoli (A). (B) Control section (C) Bronchiolar epithelial cells (solid arrowheads) of the bronchiole. (D) Alveolar type |
cells (solid arrows) and alveolar type 1l cells (open arrows) of the alveolar ducts. Scale bars, 40 um.



Expression of Golsyn/Syntabulin in Glandular Epithelium

N e ""'.g.‘ 8 .
o ’ iy 4 PR

: .w ’ﬁE 'n.'i".. '8 - |
Fig. (4). Immunoreactivity of mouse pancreas with anti-GOLSYN antibody.
Sections of pancreas prepared from ddY mice were stained with anti-GOLSYN antibody and hematoxylin, as described in the legend of Fig.

(1). (A) Islet of Langerhans (IH) and lobule (L) in pancreatic lobes. (B) Control section. (C) Pancreatic islet cells (open arrowheads). (D)
Pancreatic acinar cells (solid arrowheads). Scale bars, 40 um.

3.1.3. Pancreas

Strong signals for Golsyn/Syntabulin were detected
throughout the pancreatic lobules (Fig. 4A). A control sec-
tion of pancreas incubated with the preabsorbed antibody
gave no immunoreaction (Fig. 4B). Higher magnification
revealed intense signals in the pancreatic islet cells (Fig. 4C)
and the pancreatic acinar cells (Fig. 4D). No significant sig-
nal was observed in the other regions of the pancreas.

3.1.4. Male Reproductive Tract

In the testis, strong signals for Golsyn/Syntabulin were
observed in the seminiferous tubules, but not in the stroma
(Fig. 5A). An immunoabsorbed control is shown in Fig.
(5B). Higher magnification of the seminiferous tubules dem-
onstrated an intense signal in the seminiferous epithelium
(Fig. 5C, D, and E). In the seminiferous epithelium, strong
signals were located in the spermatocytes (Fig. 5C) and
spermatids (Fig. 5D), but no significant signals were found
in the Sertoli cells or spermatogonia (Fig. 5E). Weak signals
were observed in the spermatozoa (Fig. 5E), but they were
also detected in those stained with anti-GOLSYN antibody
in the presence of the antigen (data not shown).

In the epididymis, strong signals for Golsyn/Syntabulin
were observed in the ductus epididymis (Fig. 6A). As shown
in Fig. (6B), the signals were not observed in the sections of
epididymis used as a specificity control. An intense signal
was observed in the tall columnar cells, where it was mainly
distributed in the peri-nuclear region (Fig. 6C and D). On the
other hand, no signal was observed in the spermatozoa
within the lumen of the ductus epididymis (Fig. 6C and D).
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In the prostate, Golsyn/Syntabulin was abundantly ex-
pressed in the epithelium of prostate glands and deferent
ducts (Fig. 7A, C, and D). The specificity control for the
prostate is shown in Fig. (7B). Golsyn/Syntabulin was not
distributed equally in the epithelial cells of the deferent
ducts, as it was distributed on the basolateral side of the cy-
toplasm (Fig. 7D). Golsyn/Syntabulin was also detectable in
the epithelial cells of the vesicular glands and coagulation
glands (data not shown).

3.2. Changes in Expression Level of Golsyn/Syntabulin in
Pancreas by Fasting and Refeeding

As was shown in Fig. (4), strong expression of Gol-
syn/Syntabulin was detected in the pancreatic acinar cells.
These cells are known to contain many secretory vesicles,
called zymogen granules, which contain digestive enzymes
such as trypsin and amylase, and they secrete these enzymes
into the pancreatic ducts [19]. To investigate the role of Gol-
syn/Syntabulin in the pancreatic secretion process, we exam-
ined the expression of Golsyn/Syntabulin in the gland during
fasting and refeeding, which actions affect the secretion of
pancreatic juice via secretory vesicles. Immunoblotting with
anti-GOLSYN antibody revealed that a single band with a
molecular mass of approximately 90 kDa was detected when
immunoblot analysis of the pancreas, liver, and testis was
conducted (Fig. 8). In the pancreas and liver, fasting for 24
hours drastically decreased the expression levels of Gol-
syn/Syntabulin, which were decreased to 20% and 50%, re-
spectively, of the expression levels in the fed control mice.
Refeeding for 24 hours after this fasting recovered its level
to about 80% of the control level in both pancreas and liver
(Fig. 8). On the other hand, neither fasting nor refeeding
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Fig. (5). Mouse testis sections reacted with anti-GOLSYN antibody.
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Sections of testis were prepared from ddY mice and stained with anti-GOLSYN antibody, as described in the legend in Fig. (1). (A)
Seminiferous tubule (ST) and stroma in testis. (B) Control section. (C) Spermatocytes (open arrows). (D) Spermatids (solid arrows). (E) Ser-
toli cells (arrows), spermatogonia (open arrowheads), and spermatozoa (solid arrowheads). Scale bars, 40 um.

affected Golsyn/Syntabulin expression in the testis, a gland
that has no secretory function for food digestion (Fig. 8).

3.3. Effect of Gastrin on Expression of Golsyn/Syntabulin

Gastrin is one of the most important bioactive substances
in the gastrointestinal tract; and it is released from G cells,
which are mainly located in the pyloric glands of the stom-
ach [20, 21]. Vagal nerve stimulation caused by feeding
stimulates acid secretion from parietal cells of the stomach
through binding of gastrin to the receptors for cholecystoki-
nin (CCK)-B [22, 23]. Gastrin also plays an important role in
pancreatic acinar cells: its binding to the CCK-B receptor
induces exocytosis of zymogen granules in acinar cells [24].
To know the relationship between the secretory process in
acinar cells and Golsyn/Syntabulin expression, we studied
the effect of gastrin on Golsyn/Syntabulin expression in the
pancreas of fasted mice. Mice were injected with saline or 1
mg/kg gastrin at 24 hours after fasting, and tissue homogen-
ates from the mice were then prepared and subjected to im-

munoblot analysis using the anti-GOLSYN antibody. In the
pancreas, the level of Golsyn/Syntabulin was markedly in-
creased (2.5-fold increase) by the gastrin injection, whereas
it was not affected by saline administration (Fig. 9). In liver
and testis, neither gastrin nor saline affected Gol-
syn/Syntabulin expression (Fig. 9). These results suggest a
close relationship between secretion of digestive enzymes
and Golsyn/Syntabulin expression in pancreatic acinar cells.

3.4. Effect of Pilocarpine, a Vagal Nerve Stimulant, on
Expression of Golsyn/Syntabulin

As mentioned above, vagal nerve stimulation caused by
feeding plays an important role in promoting digestion of
foods in the gastrointestinal tract [25]. So, we then examined
the effect of a vagal nerve stimulant, pilocarpine, on Gol-
syn/Syntabulin expression in the mouse pancreas. Mice were
housed with free access to food and water and then intraperi-
toneally injected with pilocarpine, after which homogenates
were prepared from the pancreas and subjected to immuno-
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Fig. (6). Immuno-detection of Golsyn/Syntabulin in the mouse epididymis.

Sections of epididymis were prepared from ddY mice and stained with anti-GOLSYN antibody, as described in the legend in Fig. (1). (A)
Ductus epididymis (DE). (B) Control section. (C) and (D) Tall columnar cells (solid arrowheads) and spermatozoa (SZ) within the lumen of
the ductus epididymis. Ep, epithelium. Scale bars, 40 pm.
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Fig. (7). Mouse prostate sections reacted with anti-GOLSYN antibody.

Sections of prostate were stained with anti-GOLSYN antibody and counterstained with hematoxylin as described in the legend of Fig. (1). (A)
Deferent duct (Dt) and gland (G). (B) Control section. (C) Epithelial cells (EP, solid arrowheads) of a prostate gland. (D) Epithelial cells of a
deferent duct (solid arrowheads). Scale bars, 40 um.
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Fig. (8). Effect of fasting and refeeding on Golsyn/Syntabulin expression in pancreas.

Homogenates were prepared from pancreas, liver, and testis of ddY mice that had been fed, fasted, or refed, as described in “Materials and
Methodology;” and they were then subjected to immunoblot analysis using anti-GOLSYN antibody. The results of densitometric analysis of
the data shown in the upper panels are indicated in the lower panels, in which each column represents the mean + S.E (n=5). Gol-
syn/Syntabulin level is indicated as the fold increase over the expression level in fed mice. *, ***: P<0.05, P<0.001, respectively, compared
with value for the fed group. “#: P<0.001, compared with value for the fasted group.
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Fig. (9). Effect of gastrin administration on Golsyn/Syntabulin expression in pancreas.

ddY mice fasted for 24 hours were injected with saline or 1 mg/kg gastrin. At 30 min after the injection, homogenates were prepared from
pancreas, liver, and testis. The upper panels show an immunoblot analysis of the homogenates using anti-GOLSYN antibody. Quantitative
analysis of Golsyn/Syntabulin protein was done on the immunoblots, and the data obtained from this analysis are indicated in the lower pan-
els. Golsyn/Syntabulin levels are indicated as the fold increase over the expression level in the untreated fasted groups. Each bar represents

the mean + S.E. of 5 experiments. **: P<0.01, compared with the value for the saline-injected group.

blotting. As shown in Fig. (10), Golsyn/Syntabulin expres-
sion in the pancreas was elevated up to 2.5-fold at 15-30
minutes after the pilocarpine injection; and the elevated ex-
pression rapidly decreased thereafter. At 2 hours after pilo-
carpine addition, its expression level was approximately 10%
of that in the untreated (control) mice and thereafter gradu-
ally recovered to the control level.

3.5. Zymogen Granules in Pancreatic Acinar Cells of the
Fasted Mice

Zymogen granules in pancreatic acinar cells contain vari-
ous enzymes such as trypsin, amylase, and lipase for food
digestion [26]. The size of zymogen granules is known to
enlarge in response to food deprivation [27, 28]. We pre-
pared pancreatic sections from fed, fasted, and refed mice
and stained the sections with hematoxylin—eosin. As shown
in Fig. (11B), the area occupied by zymogen granules in the
acinar cells increased at 24 hours after food deprivation: Ac-
inar cells became rich in zymogen granules in these fasted
mice. Refeeding after this food deprivation (Fig. 11C) de-
creased the area occupied by granules to the control level
(Fig. 11A). On the other hand, alteration in the number of

pancreatic acinar cells in the fasted and refed mice compared
with the number for the fed ones was not observed (data not
shown).

3.6. Zymogen Granules in Pancreatic Acinar Cells of
Pilocarpine-Treated Mice

We next observed pancreatic acinar cells of the mice in-
jected with pilocarpine. As shown in Fig. (12), pilocarpine
markedly decreased the area occupied by zymogen granules
at early times (e.g., 30 min, 1 hour, and 2 hours) after its
administration. Thereafter, the area of zymogen granules in
the acinar cells was recovered to the level seen in the control
mice (compare Cont. and 24 h in Fig. 12).

4. DISCUSSION

Earlier, we demonstrated that Golsyn/Syntabulin is ubig-
uitously expressed in various mouse organs including the
brain at mRNA and protein levels [16, 17]. In the brain,
nerve cells, but not glial cells, express Golsyn/Syntabulin;
however, the cell types expressing Golsyn/Syntabulin in the
organs other than the brain remained unclear. In this present
study, we determined the expression of Golsyn/Syntabulin in
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Fig. (10). Time course of Golsyn/Syntabulin expression in pan-
creas after pilocarpine administration.

Pancreatic homogenates were prepared from ddY mice at the indi-
cated times after pilocarpine injection and then subjected to im-
munoblot analysis using anti-GOLSYN antibody. The arrowhead in
the upper panel indicates the position of Golsyn/Syntabulin. Each
point in the lower panel represents the mean = S.E. of 3 experi-
ments, n=3. *: P<0.05, vs. the fed group. **: P<0.001, vs. the group
at 15 min after pilocarpine administration. The Golsyn/Syntabulin
level is indicated as the fold increase over the level for the un-
treated fasted group.

various mouse peripheral organs by immunohistochemical
analysis using anti-GOLSYN antibody and found that Gol-
syn/Syntabulin was abundantly expressed in the glandular
epithelium of various peripheral organs: In exocrine glands,
specific expression of Golsyn/Syntabulin was observed in
cell types that are known to be secretory cells, such as chief
cells in the stomach, alveolar type Il cells and bronchiolar
epithelial cells in lung, pancreatic acinar cells, and glandular
epithelial cells in the male reproductive tract; and in endo-
crine glands, Golsyn/Syntabulin was detected in pancreatic
islet cells, which are endocrine cells that produce and release
hormones including insulin and glucagon [29]. Thus, Gol-
syn/Syntabulin was expressed not only in exocrine cells but
also in endocrine cells in the periphery, suggesting that this
protein plays an important role in secretory processes.

Besides that in glandular epithelium, Golsyn/Syntabulin
was detectable in neuronal cells of peripheral plexuses such
as Meissner’s submucosal plexus and Auerbach’s myenteric
plexus in the small intestines (see Fig. 2D and E). Gol-
syn/Syntabulin has been reported to be ubiquitously ex-
pressed in nerve cells of various brain regions of postnatal
and adult mice [16, 17]. It thus appears that this protein plays
a significant role in nerve cells of the periphery in addition to
those of the brain.

In the last half of this study, we focused on pancreatic
acinar cells to examine the role of Golsyn/Syntabulin in the
secretory process, because acinar cells are frequently used to
investigate the mechanism of transport and exocytotic proc-
esses of secretory vesicles [30, 31]. Food deprivation for 24
hours decreased markedly the expression of Gol-
syn/Syntabulin in pancreas and liver, but it did not affect that
in the testis, which has no secretory glands for the digestion
of food (see Fig. 8). The expression level of Gol-
syn/Syntabulin was recovered to almost the control level by
refeeding, suggesting that its expression is closely associated
with food intake. Gastrin, a hormone that stimulates zy-
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Fig. (11). Zymogen granules in pancreatic acinar cells of fasted
mice.

Sections of pancreas were prepared from the fed (A), fasted (B),
and refed (C) mice and then stained with hematoxylin—eosin. Note
that zymogen granules are stained light red with hematoxylin—
eosin, owing to their reactivity with eosin. Scale bar, 20 um.

mogen granule exocytosis in acinar cells, led to remarkable
increase in Golsyn/Syntabulin expression in mice injected
with this hormone. Furthermore, pilocarpine, a stimulator of
the vagus nerve, elevated Golsyn/Syntabulin expression sig-
nificantly (Fig. 10) and concomitantly reduced the area oc-
cupied by zymogen granules in the pancreatic acinar cells
(Fig. 12). This reduction could have resulted from the exocy-
tosis of zymogen granules, because digestive zymogen gran-
ules are utilized for the release of enzymes in response to
vagal stimulation [32, 33]. In terms of area, zymogen gran-
ules in the acinar cells were recovered to the control level
after pilocarpine administration (see Fig. 12), but the Gol-
syn/Syntabulin level was still approximately 40% of the
level seen in the untreated mice (see Fig. 10, 6 h). These
results are summarized in Fig. (13), which shows the effect
of food deprivation, gastrin, and pilocarpine on Gol-
syn/Syntabulin level and the area occupied by zymogen
granules. The Golsyn/Syntabulin level appears to correlate
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Fig. (12). Zymogen granules in pancreatic acinar cells after administration of pilocarpine.
Sections of pancreas were prepared from the mice at the indicated times after injection of pilocarpine. The sections of the pancreas were

stained with hematoxylin—eosin. Scale bar, 20 um.

with the process of secretion, but not with the area occupied
by zymogen granules. Therefore, Golsyn/Syntabulin may
play an important role in the processes of transport and/or
exocytosis, rather than in the formation and/or maturation of
zymogen granules in pancreatic acinar cells.

In neurons, GOLSYN/Syntabulin acts as a linker that
attaches syntaxin-1 cargo vesicles to kinesin I, enabling the
transport of the vesicles to neuronal processes [13]. This fact
supports our indication that Golsyn/Syntabulin is involved in
secretory vesicle transport in epithelial cells in the periphery.
However, it is unlikely that Golsyn/Syntabulin exerts its ac-
tion through association with syntaxin 1, because syntaxin 1

is specifically expressed in neuronal cells of central and pe-
ripheral nerves [34]. A homology search for syntaxin 1
picked up syntaxins 2, 3, and 4, which, like syntaxin 1, be-
long to the SNARE family of proteins that mediates mem-
brane fusion of organelles and/or transport vesicles [35].
Since syntaxins 2, 3, and 4 are expressed in the periphery as
well as in the brain [34] and are localized to both plasma
membrane and transport vesicles in epithelial cells [36, 37],
they are potential candidates as binding partners for Gol-
syn/Syntabulin in epithelial cells. In fact, we have found that
syntaxins 3 and 4, but not syntaxin 2, formed a complex with
Golsyn/Syntabulin in HeLa cells that had been co-
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Fig. (13). Role of Golsyn/Syntabulin in the secretory process in pancreatic acinar cells.
The length of the closed arrows represents the expression level of Golsyn/Syntabulin. Gas, gastrin; Pilo, pilocarpine; N, nucleus.

transfected with cDNAs for syntaxins 3 or 4 and
Golsyn/Syntabulin (unpublished data).

CONCLUSIONS

In conclusion, Golsyn/Syntabulin was abundantly ex-
pressed in secretory cells in glandular epithelium. Its expres-
sion level in the pancreas was drastically decreased by fast-
ing. On the other hand, its expression was increased by gas-
trin and pilocarpine. These findings may indicate that Gol-
syn/Syntabulin plays an important role in secretory vesicle
transport and/or exocytosis in secretory cells in the periph-
ery. Further studies including the loss-of-function approach
for studying Golsyn/Syntabulin in a variety of cells should
provide us cues to clarify the physiological role of Gol-
syn/Syntabulin in vesicular trafficking.

ACKNOWLEDGEMENTS

We thank T. Miyake, Y. Mukuura, H. Iwasaki, and I.
Ogita for technical assistance. This work was supported in
part by a Fund for “Research for the Future” Program from
the Japan Society for the Promotion of Science (JSPS) and
Ministry of Education, Culture, Sports, Science and Tech-
nology (MEXT).

ABBREVIATION

GOLSYN = Golgi-localized syntaphilin-related protein
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