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Synaptotagmin is a Ca2+ sensing protein, which triggers a
fusion of synaptic vesicles in neuronal transmission. Little is
known regarding the expression of Ca2+-dependent synaptota-
gmin isoforms and their contribution to the release of secre-
tory vesicles in mouse and rat parotid acinar cells. We in-
vestigated a type of Ca2+-dependent synaptotagmin and Ca2+

signaling in both rat and mouse parotid acinar cells using
RT-PCR, microfluorometry, and amylase assay. Mouse parotid
acinar cells exhibited much more sensitive amylase release in
response to muscarinic stimulation than did rat parotid acinar
cells. However, transient [Ca2+]i increases and Ca2+ influx in
response to muscarinic stimulation in both cells were identical,
suggesting that the expression or activity of the Ca2+ sensing
proteins is different. Seven Ca2+-dependent synaptotagmins,
from 1 to 7, were expressed in the mouse parotid acinar cells.
However, in the rat parotid acinar cells, only synaptotagmins
1, 3, 4 and 7 were expressed. These results indicate that the
expression of Ca2+-dependent synaptotagmins may contribute
to the release of secretory vesicles in parotid acinar cells.
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INTRODUCTION

Mammalian salivary protein secretion is evoked

largely by β-adrenergic stimulation, which gener-

ates an intracellular second messenger, cAMP,

followed by the activation of cAMP-dependent

protein kinase (PKA).1,2 Salivary fluid secretion is

regulated by increases in the intracellular con-

centration of Ca2+ ([Ca2+] i), via cholinergic and α-

adrenergic stimulation, which opens Ca2+-acti-

vated Cl- channels at the luminal membrane and

evokes fluid secretion.3 In the parotid acinar cells

most exocytosis is regulated by [cAMP] i increases

without affecting [Ca2+]i and PKA activation is es-

sential for cAMP-dependent exocytotic secre-

tion.1,2,4 However, [Ca2+] i increases with muscari-

nic stimulation also evoke the release of secretory

vesicles without affecting [cAMP]i, although the

amount of protein secretion by Ca2+ is lower than

by cAMP.5,6 However, the exact mechanism un-

derlying the Ca
2+
-dependent exocytotic pathway

in salivary protein secretion has not yet been

clearly elucidated.

The mechanism of Ca2+-dependent exocytotic

pathway in neuronal cells has been known well

and is known to be mediated by SNAREs

(soluble N-ethylmaleimide-sensitive fusion pro-

tein attachment protein receptors). In neuronal

cells, the assembly of a core complex composed

of three proteins mediates exocytosis: Vesicle-

associated membrane protein 2 (VAMP2) is a

vesicle-associated SNARE, and syntaxin1 and

SNAP-25 are target membrane SNAREs (t-

SNARE).7,8 These proteins spontaneously assem-

ble into a functional complex, and are sufficient

to mediate exocytosis.9,10 In neuronal cells, the

family of Ca2+ binding proteins, the synapto-

tagmins, are believed to comprise, or at least be
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a part of the block.11 The synaptotagmin family

consists of at least 15 members, which can be

divided into 2 groups: Ca2+-dependent or inde-

pendent types.12 Genetic and biochemical evi-

dence demonstrate that synaptotagmin 1 func-

tions as a low-affinity Ca2+ sensor.11 Synapto-

tagmin 3 may have other Ca2+-dependent func-

tions in neuronal cells,13 but in neuroendocrine

cells, such as pancreatic islet -cells, it apβ pears to

serve as a high-affinity Ca2+ sensor for exocy-

tosis.14-16 The role played in cell function by

other synaptotagmins remains unknown at pre-

sent.

In non-neuronal cells, syntaxin 4 and SNAP-23

are the most plausible candidates for t-SNAREs.

Both have been detected in rat parotid acinar

cells, but they were not found to be coimmuno-

precipitated with VAMP-2, which suggests that

their interactions with VAMP2 may be weak.17

In addition, the presence of synaptotagmins and

their role in exocytosis in the parotid acinar cells

are not clearly understood. Parotid acinar cells

appear to secrete proteins in a Ca2+-dependent

manner like neuronal cells, because protein

secretion occurs in parotid acinar cells by in-

crease in [Ca2+]i. Stimulation with muscarinic,

substance P, peptidergic or α-adrenergic recep-

tors also elicits significant amylase release from

the rat parotid. The stimulation of these recep-

tors activates phosphatidyl-inositide metabolism

and induces an increase in [Ca2+]i without af-

fecting intracellular cAMP levels.5,6 The elevated

[Ca
2+
]i affects factors related to the protein

secretion in the parotid acinar cells. Accordingly,

synaptotagmin is the most plausible candidate

with regard to Ca2+-dependent protein secretion

in the parotid acinar cells.

According to previous reports, the Ca2+-depen-

dent synaptotagmin 2 and 3 are expressed in rat

parotid acinar cells.
18
However, the expression of

Ca2+-dependent synaptotagmins has not been

elucidated in mouse parotid acinar cells. In the

present work, we investigated the expression of

Ca2+- dependent synaptotagmins and Ca2+ signal-

ing in rat and mouse parotid acinar cells,

because the expression of Ca2+-dependent synap-

totagmins and their role in the release of

secretory vesicles are not known in mouse and

rat parotid acinar cells.

MATERIALS AND METHODS

Preparation of parotid acinar cells from mice and

rats

Male Sprague-Dawley rats (150-250 g) and ICR

strain mice (23-28 g) were sacrificed by cervical

dislocation. The cells were prepared from the

parotids of SD rats and ICR mice by limited col-

lagenase digestion as previously described.19 In

order to achieve pure isolation of acinar cells, den-

sity gradient centrifugation was performed with

Accudenz, and pure acinar cells were confirmed

via light microscope.20 After isolation, the acinar

cells were resuspended in an extracellular physio-

logic salt solution (PSS), the composition of which

was as follows: NaCl, 140 mM; KCl, 5 mM; MgCl2,

1 mM; CaCl2, 1 mM; HEPES, 10 mM; and glucose,

10 mM titrated to pH 7.4 with NaOH. The osmo-

lality of the extracellular solution (measured with

a FISKE 110 osmometer), was 310 mOsm.

[Ca2+]i measurement

Cells were incubated for 40 min in PSS conta-

ining 5 µM fura 2-acetoxymethyl ester (Teflabs

Inc., Austin, TX, USA) with Pluronic F-127 to

enhance dye loading. Changes in [Ca2+]i were

measured by means of fura 2 fluorescence, with

excitation wavelengths of 340 nm and 380 nm, and

an emission wavelength of 510 nm at room tem-

perature. Background fluorescence was subtracted

from the raw signals at each excitation wave-

length before calculating the fluorescence ratio as

follows: Ratio=F340/F380. The emitted fluoresc-

ence was monitored with a CCD camera (Photon

Technology International Inc., Lawrenceville, NJ)

attached to an inverted microscope. Fluorescence

images were obtained at 2 s interval.21 Each cell

was then stimulated by carbachol in a dose-de-

pendent manner.

Amylase assay

Animals were allowed water but starved for 24

hr prior to the experiment. Each acinar cell was

stimulated with equal concentrations of the car-

bachol used in the [Ca2+]i measurement study.

Acinar cells were incubated with carbachol for 20
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min in a shaking incubator at 37 and 60 rpm.

The carbachol concentrations were followed in a

dose-dependent manner. Acinar cells were lysed

by sonication. The lysates were clarified by cen-

trifugation at 13,000 rpm for 10 min. The total

amylase content, or content of amylase released

into the medium, was determined by the method

described by Bernfeld et al.22 Aliquots of the in-

cubation medium and the supernatants of the

homogenized glands were incubated at 37 with

a 0.5% starch suspension for 10 min. Absorbance

was measured at a wavelength of 540 nm. Amy-

lase activity in the medium was expressed as a

percentage of the total activity.

Western blotting

Protein extracts were prepared from parotid

acinar cells as follows. Pure acinar cells were

washed with ice-cold PBS and then lysed by the

addition of Tris-Hcl, NaCl, and EDTA buffer (1%

NP-40, 10 mM of Tris HCl [pH 7.8], 150 mM NaCl,

1 mM of EDTA, 2 mM of Na3VO4, 10 mM of NaF,

10 g/mL of aprotinin, 10μ g/mL leupeptine, 10μ μ

g/ mL of PMSF). The lysates were clarified by

centrifugation at 13,000 rpm for 10 min. Samples

were separated by 12% SDS-PAGE. Proteins in the

gel were transferred onto nitrocellulose membrane

(Schleicher and Schuell Bioscience, Dassel, Ger-

many) for 1 h at a current of 200 mA. The nitro-

cellulose membrane was blocked by incubation in

6% skim milk in TTBS buffer [1X TBS solution +

0.1% Tween 20]. The membrane was then probed

overnight at 4 with each primary antibody, anti-

synaptotagmin 1 (Alomone Labs, Jerusalem, Israel)

polyclonal antibody (1 : 500). After the membrane

was washed three times with buffer TTBS, it was

incubated with horseradish peroxidase conjugated

secondary antibody (Santa Cruz Biotechnology,

Santa Cruz, CA, USA) in TTBS buffer containing

3% skim milk for 1 h at room temperature, and

again washed with TTBS buffer. Detection was

performed using an ECL detection system

(Amersham Biosciences, Uppsala, Sweden) and

immunoreactive bands were visualized using

Medical X-Ray film (AGFA).

RT-PCR

Total RNA was isolated from brain and acinar

cells. Brains were homogenized using homoge-

nizer with Liquid Nitrogen. Total RNA was iso-

lated using Trizol reagent (Sigma, Saint Louise,

Missouri, USA), chloroform, and isopropanol.

Table 1. The PCR-Primers Encording Calcium Dependent Synaptotagmins

Isoform Accession no. Forward Reverse

Mouse 1 BC048187 ATGCCATACTCGGAATTAGGTG GCTGAAGGACTCATTGTAGTAGGG

2 BC027019 ACACTGACGAGATCCAGAGCTATC GCACATACAGGTGTACACACACAC

3 BC051959 GTACCTCTATGGTTCTGACCAGCTC GGAGGTAGCAGAGAGAGAAGTTGAG

4 BC058208 GAGAAGAAGCACAGAGTGAAGACC GGTACAGGTTCACTTTGACGTAGG

5 BC047148 CATGGCGGTGTATGACTTTG TGGGGACATAACGGAGAGAG

6 AB026803 AGGAAGAAAGAGGCCTCCAG TGCTCTTTGACCGACATCTG

7 AB075900 GAGGTGTCCATCCCTCTGAA AGCCACACCTTCACATAGGG

Rat 1 X52772 CGGCAAACTGACTGTTGTCATTC GCCCCAGTGCTGTTGTAACCA

2 M64488 ATGGAGAGACCTACAAGGCGGA GCCTGTAGCGTTGCTGCCT

3 D28512 CCCCCTGACCGTCCACTC TCTCCACGCTCTCCGGAG

4 L38247 TCAGTCCACTACAAACACGCTCA CTGCTGTGGCACCCAGG

5 U26402 GCAGGTGGCTCCCAAAGAG ACCAACTGCTGTGCCCACC

6 U20105 TCCCTACTATGTGATGGGCG GGGTTCCCTCTTTGAAGGATTT

7 U20105 GCAACCTCAAAGCCATGGA GGACGAGCGATCATGTCTTTC
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Relative RT-PCR was performed to measure the

gene expression of the synaptotagmin isoforms.

The specific primers for each synaptotagmin

isoform are described in Table 1. Polymerase

Chain Reactions were performed on a T gradient

96 PCR machine (Biometra Co., Gottingen, Ger-

many) using 1~2 nM of cDNA, 5 pmoles of each

oligonucleotide primer, 200 M of each dNTP, 1μ

unit of Taq polymerase (Applied Biosystems,

Foster City, California, USA) and 10× Taq poly-

merase buffer in a 50 L volume. The PCR proμ -

gram started with 94 , denaturation for 30 sec,

followed by 40 cycles of 94 /30 sec, Ta/1 min, 7

2 /1 min (Ta, annealing temperature; 56 to 6

1 ).

Data analysis and statistics

Results are expressed as the mean ± S.E.M. The

statistical significances of differences between

groups were determined using Student's T-tests.

In statistical tests, p values of less than 0.05 were

considered to be significant.

RESULTS

Ca2+-dependent exocytosis is much more sensi-

tive to carbachol in mouse parotid acinar cells

In order to compare amylase release between

Fig. 1. Concentration-response curve
of muscarinic agonist, carbachol, on
amylase release and carbachol-induced
[Ca2+] i increases in parotid gland
acinar cells from rats and mice. A,
Amylase releases were measured with
stimulation of the muscarinic agonist,
carbachol, in a concentration range of
0.1 M to 100μ M in parotid acinarμ
cells from rats and mice. Results are
expressed as the mean ± S.E.M. of
four experiments in each group. B,
[Ca2+] i in parotid acinar cells was
measured with the relative ratio of
fura2 fluorescence in response to each
concentration of carbachol for 20 mins.
The traces are representatives of 7
different experiments. C, analysis of
carbachol-induced [Ca2+] i initial peaks.
D, analysis of carbachol-induced Ca

2+

influx. Results are expressed as the
mean ± S.E.M. of seven experiments in
each group. *Significant difference
between rat and mice parotid acinar
cells (p<0.05).

A

B

C D
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rat parotid acinar cells and mouse parotid acinar

cells, we performed amylase release assays. Fig.

1A shows a typical amylase secretion curve with

stimulation of carbachol, a muscarinic agonist, in

a range of 0.1 M to 100μ M, in parotid acinarμ

cells. In mice, amylase release increased in a dose-

dependent manner with up to 3 M carbachol, butμ

at 100 M, amylase release decreased slightly: 2.33μ

± 0.48% at 0.1 M, 6.22μ ± 0.93% at 0.3 M, 9.71μ

±0.85% at 1 M, 10.7μ ± 0.81% at 3 M, and 9.15μ ±

0.86% at 100 M. In rats, increases in agonist conμ -

centration evoked dose-dependent increases in

amylase release: 0.55 ± 0.3% at 0.1 M, 3.83μ ±

0.56% at 0.3 M, 6.68μ ± 0.48% at 1 M, 8.2μ ± 0.66%

at 3 M, and 9.01μ ± 0.41% at 100 M. Caμ 2+-trig-

gered exocytosis from the mouse acinar cells

occurred with an apparent affinity of ~ 0.26 ± 0.03

M. Therefore, there was a significant differenceμ

of amylase release rates between mouse and rat

parotid acinar cells (p<0.05, n = 4). In contrast,

Ca2+-triggered exocytosis from rat acinar cells

occurred with an apparent affinity of ~ 0.48 ± 0.02

M (nμ = 4). Thus, Ca2+-dependent exocytosis in

mouse cells was about twice as sensitive to ago-

nist than it was in rat cells. It is of note that the

extent of exocytosis at the optimal concentration

of 100 M carbachol was the same in both cellμ

types.

Ca2+ release and Ca2+ influx by carbachol stimu-

lation in rat and mouse parotid acinar cells are

identical

Amylase release depends on [cAMP]i, and

[Ca
2+
]i increases in the parotid acinar cells.

3
In

both cells, amylase release was different with the

same concentration of muscarinic stimulation. It

was possible that the mice were more capable a

maintaining Ca2+ levels during the 20 minutes

long agonist stimulation than the rat. Therefore,

we attempted to ascertain whether or not the

same concentration of muscarinic stimulation

evoked the same transient [Ca2+]i increases and

Ca
2+
influx in both cells. The fluorescence of fura

2-loaded cells was measured at the relative ratio

of [Ca2+]i in response to the above-mentioned

concentrations of carbachol. Although we did not

detect changes in [Ca
2+
]i at 0.1 and 0.3 M of carμ -

bachol, 1 M, 3μ M, and 100μ M carbachol evokedμ

[Ca2+]i increases in a dose-dependent manner (Fig.

1B and C), in which transient [Ca2+]i increases

were followed by a sustained plateau for 20 min.

The initial peak amplitudes of these transient

[Ca2+]i increases in rats were 0.58 ± 0.03 at 1 M,μ

0.83 ± 0.1 at 3 M, and 1.15μ ± 0.1 at 100 M (nμ = 7);

in mice 0.54 ± 0.02 at 1 M, and 0.84μ ± 0.05 at 3 M,μ

and 1.14 ± 0.07 at 100 M (nμ = 7). The amplitudes

of Ca2+ influx in rats were 0.49 ± 0.05 at 1 M, 0.58μ

± 0.1 at 3 M, and 0.57μ ± 0.01 at 100 M (nμ = 7); in

mice, they were 0.49 ± 0.04 at 1 M, and 0.6μ ± 0.04

at 3 M, and 0.63μ ± 0.03 at 100 M (nμ = 7).

Interestingly, rat and mouse parotid acinar cells

generated identical transient [Ca2+]i increases and

Ca2+ influx with the same concentrations of

agonist, suggesting that both cells have similar

mechanism for the increasing and decreasing of

[Ca2+]i levels.

Different expression of Ca2+-dependent

synaptotagmins

Since there were no differences in Ca2+ response

between rat and mouse parotid acinar cells, we

hypothesized that the expression of Ca2+-sensing

protein differed between the cell types. It is gen-

erally accepted that one of the protein closely

related to Ca2+-triggering exocytosis is synapto-

tagmin, which has 15 different isoforms and 7

Ca2+-dependent types from 1 to 7.8,23-25 RT-PCR for

the specific 7 Ca2+-dependent types was perfor-

med in both the rat and mouse brains as a

positive control, as the brains of both animals are

known to harbor all varieties of synaptotagmin.

Mice and rats brain expressed 7 Ca
2+
-dependent

synaptotagmins in Fig. 2A. In parotid acinar cells,

mice express 7 Ca2+-dependent synaptotagmins,

whereas rats express only synaptotagmin types 1,

3, 4, and 7.

Synaptotagmin 1 is expressed in exocrine gland

cells

Since the expression of synaptotagmin 1 in rat

parotid gland acinar cells remains unclear,18,26 we

performed Western blotting on brain, parotid,

submandibular, and pancreatic acinar cells from

both rats and mice using pAb against synapto-

tagmin 1 (Fig. 2C). Western blot data show that
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synaptotagmin 1 was expressed in exocrine gland

cells including rat parotid acinar cells (n=4). The

expression levels of synaptotagmin I compared to

the brain microsome in mice, were 0.77 ± 0.11% in

the parotid acini, 0.2 ± 0.07% in the submandi-

bular acini, and 0.55 ± 0.08% in pancreatic acini;

in rats, 0.69 ± 0.16% in the parotid acini, 0.25 ±

0.04% in the submandibular acini, and 0.46 ±

0.04% in pancreatic acini. Interestingly, there are

no differences in expression levels between rat

and mouse brain microsome.

DISCUSSION

In the present work, we studied the expression

of Ca2+-dependent synaptotagmins in rat and

mouse parotid acinar cells, the expression of

which has been mainly reported in brain tissues.
27

Synaptotagmin functions as a Ca2+ sensor in

neuronal cells, in which the cytoplasmic domain

contains two C2 repeats capable of binding phos-

pholipids in a Ca2+-dependent manner.28 Among

the synaptotagmins, synaptotagmin 1 mainly

found in the nervous system has been intensively

studied and found especially in synaptic vesicles

and dense-core vesicles and serves as a major

Ca2+ regulator of neurotransmitter release in the

fast release of synaptic vesicles.
27
In this study we

have shown that synaptotagmin 1 is also present

in parotid acini with RT-PCR and western blot.

Moreover, we found that submandibular and

pancreatic acinar cells also express synaptotagmin

1 with the same Ab, suggesting that most of the

exocrine gland acini have synaptotagmin 1, and

that the protein may be generally involved in

regulating exocytosis of secretory vesicles. How-

ever, still in non-neuronal cells including pan-

creas and parotid, the functional role of synapto-

tagmins is not investigated, because method for

identifying its functional role is not available.

Previously we published a low level expression of

synaptotagmins in pancreatic acinar cells from

sarco/endoplasmic reticulum ATPase 2 hetero-

Fig. 2. RT-PCR products encoding
Ca

2+
-dependent synaptotagmins in pa-

rotid acinar cells and Western blotting
of synaptotagmin 1 in exocrine glands.
A, RT-PCR results of the Ca

2+
-depen-

dent synaptotagmin family in brain
microsome and parotid acinar cells
from mice and rats. Lane numbers in-
dicate synaptotagmin isoforms. B, size
of PCR products encoding synap-
totagmin isoforms and summary of
results. Note that rat parotid acinar
cells express synaptotagmin isoforms
1, 3, 4, and 7. Each result is the rep-
resentative of five to eight different
experiments. C, Western blotting of
synaptotagmin 1 in brain, parotid,
submandibular, and pancreatic acinar
cells from mice and rats. The brain
contains 40 g and the parotid, subμ -
mandibular, and pancreatic acinar cells
contain 100 g of proteins in each lane.μ
Each result is the representative of four
different experiments. -Ex; no extract.

A

B

C
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zygote mice and its wild type.29 In Fig. 2C, the

expression level of synaptotagmin 1 in the

parotid, submandibular, and pancreatic acinar

cells was lower than that in the brain, indicating

that the exocrine gland cells utilize a different

Ca2+-sensing and regulatory mechanism to secrete

secretory vesicles than do neuronal cells.

The most notable finding in this study is that

rat and mouse parotid acinar cells have different

Ca2+-dependent synaptotagmins and that this

could be related to their ability with regard to

exocytosis of salivary proteins, such as amylase.

RT-PCR results in Fig. 2 show that mouse parotid

acinar cells express 7 Ca2+-dependent synaptota-

gmins, and rat parotid acinar cells express types

1, 3, 4, and 7, but not 2, 5, and 6. In the previous

reports, recombinant synaptotagmin 2 exhibited

Ca2+-dependent binding to syntaxin 1, a compo-

nent of the synaptic vesicle fusion complex, with

half maximal binding occurring ~200 M Caμ 2+ in

agreement with the high, local Ca2+ concentrations

estimated to be required for transmitter release at

many synapses.23 Although the exact functions

and subcellular localization of synaptotagmins 5

and 6 remain unclear, synaptotagmin 5 is a dense

core vesicle-specific synaptotagmin isoform that

controls a specific type of calcium-regulated secre-

tion in pancreatic -cells,α 24 and synaptotagmin 6 is

a key component of the secretory machinery in-

volved in acrosomal Ca2+-dependent exocytosis.25

Based on these reports, we suggest that the

expression of Ca2+-dependent synaptotagmins

evoked the high sensitivity of amylase release in

respond to muscarinic stimulation in mouse

parotid acinar cells in Fig. 1A.

Ca2+ is a key regulator of many cellular pro-

cesses.30 In Figs. 1B and C, muscarinic stimulation

induced concentration-dependent [Ca2+]i increases

and Ca2+ influx. First, rapid [Ca2+]i increases with-

in a milisecond were observed, followed by a

long-term sustained plateau. Rapid [Ca2+]i in-

creases are generated by the activation of G-pro-

tein coupled receptors, G q, and phosphoα lipase C

to generate 1,4,5-tris-inositolphosphate (IPβ 3) in

the cytosol, resulting in the release Ca
2+
from the

ER. A sustained plateau level of [Ca2+]i depends

on the relative ratio between the activity of store-

operated Ca
2+
channels, and the plasma membrane

Ca2+ pumps.31 In parotid acinar cells, muscarinic

stimulation directly generates transient [Ca2+]i in-

creases and Ca2+ influx. The difference in amylase

release profiles in Fig. 1A promptly led us to in-

vestigate [Ca2+]i. Interestingly, both cells exhibited

dose-dependent patterns, but identical transient

[Ca2+]i increases and Ca2+ influx, indicating that

both cells have similar mechanism for increasing

and decreasing [Ca2+]i levels. In addition, our

work demonstrates that increasing concentrations

of muscarinic stimulation increase the amplitude

of [Ca2+]i in Fig. 1B. This behavior can be best ex-

plained by the quantal properties of Ca2+ release,

with increasing concentrations of IP3 reducing the

threshold for initiation of Ca2+ release.32

In the present study, different expressions of

Ca2+-dependent synaptotagmin were found in rat

and mouse parotid acinar cells, and may be

related to different amylase release. Although our

observation did not directly demonstrate the func-

tions of Ca2+-dependent synaptotagmins, these

proteins may represent the specific targets of in-

tracellular Ca2+ signaling for salivary protein

secretion. Further study is required, to elucidate

the exact role of Ca2+-dependent synaptotagmin.
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