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Abstract

The difference of Ca2+ mobilization induced by muscarinic receptor activation between parotid acinar and duct cells was examined.
Oxotremorine, a muscarinic–cholinergic agonist, induced intracellular Ca2+ release and extracellular Ca2+ entry through store-operated
Ca2+ entry (SOC) and non-SOC channels in acinar cells, but it activated only Ca2+ entry from non-SOC channels in duct cells. RT-PCR
experiments showed that both types of cells expressed the same muscarinic receptor, M3. Given that ATP activated the intracellular Ca2+

stores, the machinery for intracellular Ca2+ release was intact in the duct cells. By immunocytochemical experiments, IP3R2 colocalized
with M3 receptors in the plasma membrane area of acinar cells; in duct cells, IP3R2 resided in the region on the opposite side of the M3
receptors. On the other hand, purinergic P2Y2 receptors were found in the apical area of duct cells where they colocalized with IP3R2.
These results suggest that the expression of the IP3Rs near G-protein-coupled receptors is necessary for the activation of intracellular
Ca2+ stores. Therefore, the microenvironment probably affects intracellular Ca2+ release and Ca2+ entry.
� 2005 Elsevier Inc. All rights reserved.
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Increases in the cytoplasmic Ca2+ concentration ([Ca2+]i)
regulate many cellular functions such as proliferation, tran-
scription, metabolism, contraction, and exocytosis [1]. The
stimulation of G-protein Gq-coupled receptors activates
phospholipase Cb (PLCb), resulting in the hydrolysis of
phosphatidylinositol 4,5-bisphosphate and the production
of inositol 1,4,5-trisphosphate (IP3) and diacylglycerol
(DAG). IP3 binds its receptors on the intracellular
Ca2+ store and releases Ca2+ from the store, causing
the first phase of an increase in [Ca2+]i. The second phase
is Ca2+ entry from the extracellular medium into the cell;
this phase maintains a high level of [Ca2+]i. Extracellular
Ca2+ entry after Gq-coupled receptor stimulation is med-
iated by two mechanisms. One is store-operated Ca2+ en-
try (SOC) and the other is non-store-operated Ca2+ entry
(non-SOC). SOC channels, which are activated by the
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depletion of intracellular Ca2+ stores, are assumed to
provide a major pathway for such Ca2+ entry [2]. Many
cells also express non-SOC channels, which are activated
by Gq-coupled receptor stimulation and support Ca2+

entry from the extracellular space. Non-SOC channels
cannot be activated by store depletion, but some of them
are opened by DAG [3,4]. Electrophysiological and phar-
macological experiments have shown that there are multi-
ple SOC and non-SOC channels that are expressed in
various types of cells.

The salivary gland is an exocrine organ capable of
secreting fluid and enzymes, and is regulated by autonomic
nerves. It is made of tubular epithelia that are divided into
two major domains. The distal end is the acinar unit, which
produces the primary saliva, including the fluid and macro-
molecules. The proximal area is a duct that is thought to
modify the primary saliva by absorbing and/or secreting
electrolytes such as Na+, Cl�, and HCO3

� [5,6]. The secre-
tion and modification of saliva in the acini and ducts are
triggered by the elevation of [Ca2+]i. Acetylcholine (ACh)
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is one of the most potent physiological stimulators of sali-
vary glands. Muscarinic receptor stimulation induces the
elevation of [Ca2+]i in both acinar and duct cells. Using iso-
lated rat parotid acini and ducts we found previously that
carbachol, a muscarinic receptor agonist, induced Ca2+ re-
lease from intracellular stores and extracellular Ca2+ entry
in acinar cells, but it activated only Ca2+ entry in duct cells
[7].

In the present study, we examined and compared the dif-
ference in the [Ca2+]i increase resulting from the stimula-
tion of muscarinic receptors in parotid acinar and duct
cells. Oxotremorine (OXO), a muscarinic–cholinergic ago-
nist, induced intracellular Ca2+ release and extracellular
Ca2+ entry through SOC and non-SOC channels in acinar
cells, but it activated only Ca2+ entry from non-SOC chan-
nels in duct cells. In contrast, ATP released Ca2+ from the
stores and activated both the SOC and non-SOC channels
of duct cells. RT-PCR experiments showed that both types
of cells expressed the same muscarinic receptor, M3. By
immunocytochemical experiments, IP3R2 colocalized with
M3 receptors near the plasma membranes of acinar cells;
in duct cells, IP3R2 resided near the membrane opposite
the M3 receptors. On the other hand, purinergic P2Y2
receptors were found in the apical area of duct cells where
they colocalized with IP3R2. These results indicate that
G-protein-coupled receptors and the Ca2+ release machin-
ery may need to be close to one another for Ca2+ to be re-
leased from the stores or enter from the extracellular space.

Materials and methods

Reagents. Fluo-3/AM and anti-goat Alexa 488 were obtained from
Molecular Probes. Collagenase (type 4) was from Worthington. Anti-
M3 receptor antibody, anti-mouse FITC, and anti-rabbit FITC were
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Fig. 1. Acini and ducts were isolated from the parotid gland by digestion with
loaded with Fluo-3, respectively. Circles show single cells whose Ca2+ response
kallikrein. a-Amylase is a marker enzyme for acinar cells and kallikrein is a
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). (D,E) RT-PCR of musc
(D) and duct (E) cells.
from Santa Cruz. Anti-IP3R2 mAb was a gift from Dr. K. Mikoshiba.
Anti-P2Y2 antibody was from Alomone. Other chemicals were from
Sigma.

Isolation of acini and ducts. The Animal Welfare Guidelines of Sapporo
Medical University were followed in all the studies and experiments.
Parotid acini and ducts were isolated from male Wistar rats (4–5 weeks
old) as described previously [7,8]. Briefly, the parotid gland was removed,
trimmed of the connective tissue, and cut into small pieces. They were
digested with collagenase (2 mg/ml) in serum-free Dulbecco�s modified
Eagle�s medium (DMEM) for 20 min at 37 �C with constant shaking and
gentle pipetting. The isolated acini and ducts were incubated with Fluo-3/
AM (10 lM) for 20 min in DMEM at 37 �C. After washing, the acini and
ducts were resuspended in Krebs–Ringer–Hepes medium (KRH) con-
taining 0.2% BSA. The composition of KRH was as follows: 120 mM
NaCl, 5.4 mM KCl, 1.0 mM CaCl2, 0.8 mM MgCl2, 11.1 mM glucose,
and 20 mM Hepes (pH 7.4). In the experiments performed in the absence
of extracellular Ca2+, Ca2+-free KRH containing 0.2 mM EGTA was
used.

RT-PCR. To purify total RNA from acinar and duct cells, several
clusters of acini and several small duct fragments were collected in glass
micropipettes under microscopic examination. Typical microscopic images
of a cluster of acini and a duct fragment are shown in Figs. 1A and B,
respectively. Collected acini and ducts were transferred to clean micro-
centrifuge tubes and broken up by three freeze-thaw cycles. Total RNA
was purified from these acini and ducts using an RNeasy Mini Kit
(Qiagen). cDNAs were synthesized for 60 min at 42 �C using 200 U of
Superscript II RNase H� Reverse Transcriptase (Invitrogen).

The primers to amplify a-amylase, kallikrein, GAPDH, and M1–M5
were used (see Supplemental information for sequences). PCR was carried
out in a GeneAmp PCR System 9700 (Applied Biosystems). The thirty
amplification cycles for a-amylase, kallikrein, and GAPDH were con-
ducted with denaturation at 94 �C for 30 s, annealing at 55 �C for 1 min,
and extension at 72 �C for 1 min, followed by a final extension at 72 �C for
5 min. The cycling conditions for M1–M5 were 35 cycles of 94 �C for
1 min, 55 �C for 1 min, and 72 �C for 1 min. A second set of nested
primers, which immediately followed the first set of primers in their
sequences, was used. For the reaction, 1 ll of the PCR product from the
first round of amplification (20 ll) was used as a template for the second
round of amplification. The PCR conditions were the same as in the first
round. The resulting PCR mixtures were then analyzed by gel electro-
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collagenase. (A,B) Typical images of an acinar cluster and a duct fragment
s are shown in Figs. 2A and B. Bar: 20 lm. (C) RT-PCR of a-amylase and
marker for duct cells. Lane A, a-amylase. Lane K, kallikrein. Lane G,
arinic receptors. Muscarinic receptor subtype 3 was detected in both acinar
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phoresis on 2% agarose gels. PCR products in the gel were stained by
CYBR Green I Nucleic Acid Gel Stain (Cambrex).

Analysis of the intracellular Ca2+ signals by confocal laser scanning

microscopy. Fluo-3-loaded acini and ducts were placed in a 35-mm glass-
bottomed dish (Matsunami) as described previously [9]. The intracellular
Ca2+ signals were measured using a time-lapse confocal laser scanning
microscope (LSM510, Carl Zeiss) as reported previously [8,7]. An Ar/Kr
laser was used to excite the Fluo-3 at 488 nm, and emission signals were
collected through a 515-nm barrier filter. The acini and ducts were stim-
ulated by perifusion with KRH containing OXO at 37 �C and viewed with
a Zeiss 63 · /1.3 NA oil immersion objective.

Immunofluorescence microscopy of M3 receptors, IP3 receptors, and

P2Y2 receptors. Dissociated acini and ducts were fixed with 4%
paraformaldehyde for 2 h. For cryosectioning, tissues were cryopro-
tected with 10–30% sucrose in PBS, embedded in Tissue Tek O.C.T.
compound (Sakura Finetek, Torrance, California), and frozen in liquid
nitrogen. Cryosections (12 lm) were permeabilized with 0.05% Triton
X-100 in PBS and treated with PBS containing 1% BSA for 30 min at
room temperature. These sections were then incubated with a goat
polyclonal antibody against the M3 receptor (1:400), mouse mono-
clonal antibody against IP3R2 (1:600), or polyclonal antibody against
the P2Y2 receptor (1:200). After being washed, the sections were
incubated with Alexa 488-conjugated anti-goat IgG, FITC-conjugated
anti-mouse IgG, or FITC-conjugated anti-rabbit IgG and observed
under a laser scanning confocal fluorescence microscope (Radiance
2100, Bio-Rad).
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Fig. 2. Ca2+ responses of the acinar and duct cells circled in Figs. 1A and B a
from more than 10 records. The fluorescence changes of Fluo-3-loaded ce
Fluorescence intensity is indicated as the relative intensity (fold above the rest
acinar (A) and duct (B) cells in the presence of 1 mM Ca2+. Oxotremorine (OX
duct (D) cells in Ca2+-free KRH containing 0.2 mM EGTA. Subsequently, 1
Results

M3 muscarinic receptors in acinar and duct cells

Carbachol does not induce Ca2+ release from intracellu-
lar stores in duct cells, although it does so in acinar cells [7].
To investigate this difference between acinar and duct cells,
the subtypes of muscarinic receptors were examined in
these cells using RT-PCR. The dissociated acinar and duct
cells from rat parotid glands could easily be identified by
their morphology. Representative images of acinar and
duct preparations are shown in Figs. 1A and B, respective-
ly. Total RNA was isolated from these preparations. To
determine the amount of cross-contamination in these
preparations, RT-PCR experiments were performed to de-
tect a-amylase and kallikrein, which are, respectively, aci-
nar and duct cell markers (Fig. 1C). a-Amylase was
detected in the preparation from acini but not in that from
ducts, whereas kallikrein was found only in ducts. Previ-
ously, acinar cells were reported to express the M3 musca-
rinic receptor [10,11], but the muscarinic receptor subtype
in duct cells has been unknown. The muscarinic receptor
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re shown in (A) and (B), respectively. Each trace is a representative result
lls were detected using a confocal laser scanning microscopic system.
ing level of fluorescence before adding the drug). (A,B) Ca2+ responses of
O, 100 lM) was added at arrows. (C,D) Ca2+ responses of acinar (C) and
mM Ca2+ was added (filled bar).
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subtypes were examined in the acinar and duct cells. As
shown in Figs. 1D (acini) and E (ducts), both the acini
and ducts expressed only the M3 receptor among the five
subtypes of muscarinic acetylcholine receptors tested.

Different Ca2+ responses of acini and ducts to muscarinic
receptor stimulation

To examine the differences in the Ca2+ responses of the
two cell types precisely, muscarinic agonist OXO
(100 lM) was added to isolated acinar and duct cells (cir-
cled in Figs. 1A and B); their responses are shown in
Figs. 2A (acinar cell) and B (duct cell). [Ca2+]i rapidly in-
creased and reached a peak within 1 s of the addition of
OXO to the acinar cells. The [Ca2+]i in the cells then
slightly decreased and was maintained at a plateau level.
OXO also increased [Ca2+]i in the duct cells, but the onset
of the increase was slower. The time lag to the start of
[Ca2+]i elevation between the acinar and duct cells was
about 3 s. The level of increase in [Ca2+]i in acinar cells
was larger than in duct cells.

The difference in the increase of [Ca2+]i between acinar
and duct cells was further examined in the absence of extra-
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Fig. 3. Inhibition of store-operated Ca2+ entry by a low concentration of Gd3+

with 0.1% dimethyl sulfoxide (A,C) or 1 lM thapsigargin (B,D) in Ca2+-free KR
Ca2+. A low concentration (1 lM) of Gd3+ was added at the plateau level. Ea
cellular Ca2+. OXO induced a transient increase in [Ca2+]i
in acinar cells, which then declined to the resting level, indi-
cating that Ca2+ was released from the intracellular stores
(Fig. 2C). The subsequent addition of extracellular Ca2+

(1 mM) elevated the [Ca2+]i. In contrast, OXO did not in-
duce any increase of [Ca2+]i in the duct cells in the absence
of extracellular Ca2+ (Fig. 2D). The subsequent addition of
extracellular Ca2+ caused an increase in [Ca2+]i. Thus,
intracellular Ca2+ release was absent, but extracellular
Ca2+ entry could be induced by OXO in duct cells.

Effect of gadolinium ion (Gd3+) on Ca2+ entry in acinar and

duct cells

Gd3+ is a pharmacological tool that can be used to
distinguish SOC and non-SOC channels [12,13]. A
low concentration of Gd3+ (1 lM) selectively inhibits
SOC channels, whereas a high concentration (100 lM)
suppresses both SOC and non-SOC channels [12,13].
Whether 1 lM Gd3+ actually inhibits SOC channels of
parotid glands was examined. SOC channels are activated
by intracellular store depletion of Ca2+ with thapsigargin
[14]. Acinar and duct cells were pretreated with 1 lM
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in acinar and duct cells. Acinar (A,B) and duct (C,D) cells were pretreated
H containing 0.2 mM EGTA for 5 min, followed by the addition of 1 mM
ch trace is a representative result from more than six records.
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thapsigargin in Ca2+-free KRH for 5 min, and then
1 mM Ca2+ was added to the extracellular medium
(Fig. 3). The addition of Ca2+ increased [Ca2+]i and
[Ca2+]i reached a plateau level in acinar cells (Fig. 3A).
Surprisingly, duct cells also increased [Ca2+]i after addi-
tion of extracellular Ca2+ (Fig. 3C). [Ca2+]i reached a
peak, after which it decreased and was maintained at a
plateau level in duct cells. Thus, functional SOC channels
also exist in duct cells. A low concentration of Gd3+

completely inhibited a plateau level of Ca2+ in both cell
types. In the absence of thapsigargin, 1 lM Gd3+ had no
effect on [Ca2+]i in acinar and duct cells (Figs. 3B and
D). These results show that functional SOC channels ex-
ist in acinar and duct cells.

Next, whether Gd3+ inhibits Ca2+ entry evoked by OXO
in acinar and duct cells was checked. A low concentration
of Gd3+ partially inhibited the plateau level of [Ca2+]i
evoked by OXO in acinar cells (Fig. 4A). The subsequent
addition of the high concentration of Gd3+ completely sup-
pressed the sustained increase in [Ca2+]i. On the other
hand, the high, but not the low, concentration of Gd3+
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Fig. 4. Effects of Gd3+ on Ca2+ entry induced by OXO and DAG in acinar an
acinar (A) and duct (B) cells, followed by low (1 lM) and high (100 lM) concen
added at the time of the arrows to acinar (C) and duct (D) cells in Ca2+-free K
Low and high concentrations of Gd3+ were added at the plateau level. Each t
inhibited extracellular Ca2+ entry induced by OXO into
duct cells (Fig. 4B). These data indicate that the stimula-
tion of M3 receptors activates both SOC and non-SOC
channels in acinar cells, but it opens only non-SOC chan-
nels in duct cells.

DAG has been reported to activate some non-SOC
channels [12,13]. Whether non-SOC channels in acinar
and duct cells could be activated by DAG was further
examined using 1-oleoyl-2-acetyl-sn-glycerol (OAG), a
membrane-permeable DAG analogue. In the presence of
extracellular Ca2+, OAG (100 lM) increased [Ca2+]i very
slowly in acinar and duct cells (data not shown). When
extracellular Ca2+ was omitted, OAG did not increase
[Ca2+]i in either type of cell. [Ca2+]i was rapidly increased
by the subsequent addition of extracellular Ca2+ and
reached a plateau in both acinar (Fig. 4C) and duct
(Fig. 4D) cells. One micromolar Gd3+ had no effect on
[Ca2+]i, but a high concentration of Gd3+ blocked the
Ca2+ entry (Figs. 4C and D). These results indicate that
both types of cells expressed similar DAG-sensitive non-
SOC channels.
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Activation of duct cell intracellular Ca2+ stores and SOC

channels by ATP

We previously reported that ATP increased [Ca2+]i in
the duct cells of the rat parotid gland [7]. ATP was used
to explore the existence of Ca2+ stores and SOC channels
in duct cells. In the absence of extracellular Ca2+, ATP
(100 lM) induced a transient increase in [Ca2+]i, indicating
that Ca2+ was released from intracellular stores (Fig. 5A).
The subsequent addition of extracellular Ca2+ further in-
creased [Ca2+]i. The increase in [Ca2+]i may have been
due to the activation of SOC channels. As shown in
Fig. 5B, 1 lM Gd3+ partially inhibited the plateau level
of [Ca2+]i induced by ATP and the subsequent addition
of 100 lM Gd3+ completely suppressed the increase in
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Fig. 5. Effects of ATP on Ca2+ release and Ca2+ entry in duct cells. (A)
ATP (100 lM) was added at the time of the arrow to duct cells in Ca2+-
free KRH containing 0.2 mM EGTA, followed by the addition of 1 mM
Ca2+. (B) ATP (100 lM) was added at the time of the arrow to cells in the
presence of extracellular Ca2+ and then low (1 lM) and high (100 lM)
concentrations of Gd3+ were added. Each trace is a representative result
from more than eight records.
[Ca2+]i in duct cells. Thus, our results indicated that ATP
activates Ca2+ release from the intracellular stores and
extracellular Ca2+ entry through SOC and non-SOC
channels.

Localization of IP3R2, M3 receptors, and P2Y2 receptors in
acinar and duct cells

Both acinar and duct cells expressed the same M3 recep-
tor. In acinar cells, the intracellular Ca2+ release and SOC
channels were activated by the M3 receptor stimulation,
but those of the duct cells did not function in the same
way in response to M3 receptor activation. This led to
the question. What is the difference between acinar and
duct cells? One possibility was if the distribution of M3
receptors and IP3Rs differed in duct and acinar cells, M3
receptor signals in duct cells might not reach the intracellu-
lar Ca2+ stores. Previous experiments showed that IP3R2
was the dominant IP3R subtype in the acini and duct cells
of the salivary gland [15]. By immunocytochemistry, the
distribution of IP3R2 in the duct cells was distinct from
that in acinar cells (Fig. 6A). Acinar cells expressed
IP3R2 in the basal as well as the apicolateral areas, indicat-
ing that IP3R2 is expressed globally in the region of the
plasma membrane. On the other hand, IP3R2 was found
only in the apical (luminal) region of duct cells and was
not seen in the area of the basal or lateral membranes
(Fig. 6A).

The immunohistochemical distribution of M3 receptors
was compared with that of IP3R2 in the parotid salivary
glands. As shown in Fig. 6B, the M3 receptors were ex-
pressed in the basal and apicolateral regions of acinar cells,
suggesting that the M3 receptors in these cells were close to
the IP3R2. In contrast, the M3 receptors of duct cells were
found in basal area but not in the apicolateral area. Thus,
the M3 receptors in duct cells were located in the region of
the opposite side of the membrane from IP3R2.

ATP induced Ca2+ release from the intracellular stores
and opened both the SOC and non-SOC channels in duct
cells (Fig. 5). P2Y purinergic receptors activate Gq proteins
and PLCb in response to ATP. Among the P2Y receptors,
the P2Y2 and P2Y4 receptors are expressed in pancreatic
duct cells [16]. Because P2Y2 receptor mRNA was detected
by RT-PCR in parotid duct cells (data not shown), the dis-
tribution of P2Y2 receptors was examined by immunohis-
tochemistry. P2Y2 receptors were found in the apical
region of the duct cells (Fig. 6C). These data suggest that
P2Y2 receptors colocalize with IP3R2 in the apical area
of duct cells. Acinar cells expressed the P2Y2 receptors in
the apicolateral area (Fig. 6C).

Discussion

Our results showed that acinar and duct cells expressed
both SOC and non-SOC channels. M3 receptor stimulation
of acinar cells activated SOC channels, given that a low
concentration of Gd3+ partially inhibited the Ca2+ entry
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Fig. 6. (A) IP3R2 in acini (arrows) and ducts (arrowheads). IP3R2 is expressed in the basal and apicolateral areas of acini (arrows), but only in the apical
region of ducts (arrowheads). (B) M3 receptors in acini (arrows) and ducts (arrowheads). Acinar cells express M3 receptors at the basal as well as
apicolateral areas of acini (arrows). In duct cells, M3 is located only at the basal region (arrow heads). (C) P2Y2 receptors in acini (arrows) and ducts
(arrowheads). P2Y2 receptors were located in the apicolateral region but not in the basal area of acini (arrows). On the other hand, P2Y2 receptors in
ducts were observed only at the apical pole (arrowheads). Bars in A, B, and C indicate 50 lm.
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(Fig. 4). In contrast, stimulation of the same receptor did
not activate SOC channels in duct cells. However, this dif-
ference was not directly caused by the absence of SOC
channels because store depletion by thapsigargin activated
SOC channels in both cell types (Fig. 3). In addition, ATP
could open Gd3+-sensitive SOC channels in duct cells
(Fig. 5). Thus, functional SOC channels were expressed
in the duct cells, but were not sensitive to M3 receptor stim-
ulation. ATP caused Ca2+ release from intracellular stores
in duct cells (Fig. 5A). The present results showed that
P2Y2 receptors were localized in the apical domain of duct
cells (Fig. 6C). The distribution of P2Y2 receptors indicates
that P2Y2 receptors colocalize with IP3R2 near the lumi-
nal membrane of duct cells. Accordingly, ATP increased
[Ca2+]i in duct cells when it was applied to the apical side
[17]. Thus, ATP released Ca2+ from intracellular stores
and activated SOC and non-SOC channels in duct cells.

IP3R2 was located in the apical area of duct cells
(Fig. 6A). Consistent with our results, IP3R2 of the duct
cells in the parotid [7] and submandibular [15] gland is
localized to the apical poles. In the present study, IP3R2
was found beneath the basal and apicolateral membranes
of the acinar cells. Previously, immunocytochemical exper-
iments using tissue sections showed that parotid acinar
cells express IP3R2 in the apicolateral area [8,7] or in the
apical pole [18]. We carefully re-examined the previous pa-
pers and found that the expression of IP3Rs in the basal
area was not very clear in these studies. Because the expres-
sion level of IP3R2 in duct cells is rather high compared
with acinar cells, as shown in Fig. 6A, the immunostaining
of acinar cells in a tissue section may not have been fully
analyzed in the previous experiments. Dissociating the aci-
nar cells may be necessary to make a precise determination
of the expression of IP3R2. Re-examination of our previ-
ous data [8] also indicated that IP3R2 was expressed in
the basal region of acinar cells.

Our immunocytochemical experiments showed that M3
receptors had a restricted localization in the basal region,
but were not in the apicolateral areas in duct cells
(Fig. 6B). Xu et al. [17] have examined the localization of
muscarinic receptors in duct cells of the submandibular sal-
ivary gland and showed that carbachol only increased the
[Ca2+]i of duct cells when it was applied to the basal side.
Accordingly, the autonomic innervation of parotid ducts
occurs at the basal side. Thus, M3 receptors are localized
in the region of the basal membranes of duct cells. On
the other hand, expression of the receptor was found in
the apicolateral as well as the basal areas in acinar cells
(Fig. 6B). The distribution of the M3 receptors in parotid
acinar cells is quite similar to that of IP3R2.

The microenvironment of intracellular signal cascades is
important for intracellular signal transduction. On the
apical membrane of the muscle sarcoplasmic reticulum,
voltage-dependent Ca2+ channels contact ryanodine recep-
tors. The opening of the voltage-dependent Ca2+ channel
activates ryanodine receptors directly and induces intracel-
lular Ca2+ release, which is necessary for excitation-con-
traction coupling [19–21]. In pancreatic acinar cells, a
Ca2+ signaling complex composed of the M3 receptor
and IP3Rs exists in membrane microdomains [22].
Delmas et al. [23,24] have demonstrated that signaling
microdomains define the specificity of the receptor-medi-
ated IP3 pathway in neurons. In their model, the bradyki-
nin receptor and PLCb cluster with the IP3Rs, which
activates TRPC1 (a SOC channel); in contrast, the M1
receptor and PLCb build up in discrete domains where lib-
erated IP3 cannot activate the receptor; M1 receptor stim-
ulation causes Ca2+ entry through TRPC6 (a non-SOC
channel), which is activated by DAG. The present results
indicate that IP3R2 and M3 receptors colocalize in acinar
cells, but not in duct cells (Fig. 7). When an M3 receptor
binds ACh in the basal membrane of an acinar cell, PLCb
produces IP3, which can promptly bind IP3R2 on Ca2+

stores near the M3 receptor. Intracellular Ca2+ is released
and extracellular Ca2+ enters the cell through SOC chan-
nels which may exist in the basal as well as apicolateral



Fig. 7. In acinar cells, agonist stimulation of M3 receptors activates PLCb via Gq proteins, resulting in the production of DAG and IP3. DAG activates
non-SOC channels and induces extracellular Ca2+ entry. IP3 binds IP3R2 and induces Ca2+ release from the intracellular stores, after which the store
depletion activates SOC channels. In duct cells, stimulation of basal M3 receptors activates PLCb and consequently opens non-SOC channels via DAG,
but cannot release intracellular Ca2+ because IP3R2 is located apically. On the other hand, ATP stimulates P2Y2 receptors, which results in the production
of DAG and IP3 at the apical membrane. DAG opens non-SOC channels and IP3 releases Ca2+ from the IP3-sensitive intracellular store. The store
depletion of Ca2+ activates SOC channels.
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membranes of acinar cells. PLCb also produces DAG.
DAG activates non-SOC channels, which may be located
near M3 receptors. Because M3 receptor stimulation
releases IP3 near the basal membrane in duct cells, IP3

may not reach the luminal IP3R2. Thus, ACh fails to acti-
vate Ca2+ release from the intracellular stores. Because
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non-SOC channels were activated by M3 receptor stimula-
tion, non-SOC channels may be located in the basal mem-
brane of a duct cell. On the other hand, IP3 released by
apical P2Y2 receptor stimulation can reach the apical
IP3R2, which is followed by intracellular Ca2+ release
and the activation of SOC channels. ATP induces DAG
formation, which activates non-SOC channels. Thus,
non-SOC channels may be located in the apical as well as
basal membranes of duct cells. These signal transduction
cascades in acinar and duct cells are given in Fig. 7.
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