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Abstract
The secretion of fluid, electrolytes, and protein by exocrine gland acinar cells is a vectorial process
that requires the coordinated regulation of multiple channel and transporter proteins, signaling
components, as well as mechanisms involved in vesicular fusion and water transport. Most critical
in this is the regulation of cytosolic free [Ca2+] ([Ca2+]i) in response to neurotransmitter
stimulation. Control of [Ca2+]i increase in specific regions of the cell is the main determinant of
fluid and electrolyte secretion in salivary gland acinar cells as it regulates several major ion flux
mechanisms as well as the water channel that are required for this process. Polarized [Ca2+]i
signals are also essential for protein secretion in pancreatic acinar cells. Thus, the mechanisms that
generate and modulate these compartmentalized [Ca2+]i signals are central to the regulation of
exocrine secretion. These mechanisms include membrane receptors for neurotransmitters,
intracellular Ca2+ release channels, Ca2+ entry channels, as well Ca2+ as pumps and mitochondria.
The spatial arrangement of proteins involved in Ca2+ signaling is of primary significance in the
generation of specific compartmentalized [Ca2+]i signals. Within these domains, both local and
global [Ca2+]i changes are tightly controlled. Control of secretion is also dependent on the
targeting of ion channels and transporters to specific domains in the cell where their regulation by
[Ca2+]i signals is facilitated. Together, the polarized localization of Ca2+ signaling and secretory
components drive vectorial secretion of fluid, electrolytes, and proteins in the exocrine salivary
glands and pancreas. This review will discuss recent findings which have led to resolution of the
molecular components underlying the spatio-temporal control of [Ca2+]i signals in exocrine gland
cells and their role in secretion.
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OVERVIEW
Ca2+ is critical for the physiological function of both excitable and non-excitable cells [1, 2].
It is the primary intracellular factor in the regulation of fluid secretion in salivary and
lacrimal glands and for protein secretion in pancreas [3–5]. The basic Ca2+ signaling
mechanisms that regulate secretory function are remarkably similar in these exocrine glands.
This review will highlight recent studies and our current understanding of the regulation of
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Ca2+ signaling in salivary gland acinar cells and the role of Ca2+ in fluid secretion. Further,
we will discuss Ca2+ signaling mechanisms in pancreatic acinar cells to compare exocrine
pancreas and salivary glands. Salivary glands have been widely used to determine the main
pathways involved in the regulation of Ca2+ signaling in non-excitable cells. These early
studies demonstrated that under normal physiological conditions, salivary glands maintain a
continuous low level of saliva flow, often referred to as "resting" or "basal" secretion, which
is dramatically increased upon demand. The actual up-regulation of secretion in salivary and
other exocrine glands is achieved when glands are stimulated by sympathetic and
parasympathetic stimuli and mediated by a coordinated cascade of signal transduction and
intracellular signaling events [3, 4].

Salivary gland cells have a variety of neurotransmitter receptors, many of which are
localized in the basolateral plasma membrane region of the cell; such as muscarinic,
adrenergic, and purinergic receptors Fig. (1) which when stimulated trigger intracellular
signaling events that culminate in an increase in fluid and protein secretion. Typically,
stimulation of Ca2+ mobilizing receptors, e.g. muscarinic, leads to G-protein-mediated
activation of phosphatidylinositol 4,5, bisphosphate (PIP2)-specific phospholipase C (PLC),
hydrolysis of PIP2, and generation of inositol 1,4,5, trisphosphate (IP3) and diacylglycerol.
IP3 is the central mediator in cellular Ca2+ signaling events. It diffuses into the cytosol and
binds to a receptor (IP3 receptor, IP3R) localized in the endoplasmic reticulum (ER)
membrane. The IP3R serves as a Ca2+ release channel and mediates rapid release of Ca2+

from the ER-Ca2+ store(s) resulting in an increase in [Ca2+]i. Three subtypes of the IP3
receptors have identified, (IP3R1, IP3R2 and IP3R3) and of these, IP3R2 and 3 are the
major subtypes found in exocrine gland cells. Importantly, these are concentrated in the
apical pole of the cells and have been associated with the generation of spatially distinct
[Ca2+]i signals in that region [4–9]. In pancreatic acinar cells, the initial internal Ca2+ release
is detected in the apical region of the cell and at relatively low levels of agonist stimulation,
the [Ca2+]i increase remains restricted within this region [6, 9, 10]. At higher levels of
agonist, although the signal again starts at the apical pole of the cells, it propagates to the
basolateral regions. In salivary gland acinar cells, agonist-induced cytosolic Ca2+ signals are
also first detected in in the apical region, but unlike the response in pancreatic cells, [Ca2+]i
increase is propagated in wave-like pattern to the basal region at both low and high levels of
stimuli [11]. The net result of IP3-induced release of Ca2+from the ER in either cell type is a
spatially and temporally coordinated increase in the [Ca2+]i which determines sustained
fluid secretion in salivary gland acini and triggers granule fusion and protein secretion in
pancreatic acini [4, 5].

There are a large number of studies to demonstrate that while intracellular Ca2+ release is
sufficient to activate mechanisms involved in fluid secretion, sustained secretion is
dependent on extracellular Ca2+ influx. It has now been shown that Ca2+ entry into acinar
cells is activated in response to agonist-stimulated PIP2 hydrolysis. Two possible Ca2+ entry
mechanisms can be activated under these conditions. The first, referred to as store-operated
calcium entry (SOCE), is activated as a consequence of depletion of Ca2+ in the ER lumen
via IP3-induced Ca2+ release [12–16] and is regulated by the [Ca2+]i status in the ER. SOCE
and the resulting regulation of cell function have been well established in almost all cell
types. The other type of Ca2+ entry pathway is referred to as store-independent, or receptor-
dependent, Ca2+ entry. Although there is not much information available regarding the
mechanism of this influx, it is believed that this entry is not regulated by the [Ca2+] of the
ER. Rather, direct effects at the plasma membrane level, due to changes in membrane lipids
or other components, can trigger Ca2+ entry. The physiological relevance of this type of
entry mechanism has not yet been described in exocrine gland cells. The coordinated
activation and regulation of intracellular Ca2+ release and extracellular Ca2+ entry generates
the optimal temporal and spatial [Ca2+]i signals that drive secretion and are also likely to be
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critical for the regulation of other cellular functions, such as protein synthesis and gene
expression.

Exocrine glands are typically composed of two major cell types: acinar and duct cells.
Acinar cells represent a classical model of polarized epithelial cells with extensive rough ER
at the basal pole and smooth ER at the apical pole. The nucleus is situated close to the apical
end of the cell, while the protein-containing secretory granules in both salivary and
pancreatic acini and are localized at the luminal pole [3, 4]. In pancreatic acini, protein
secretion is activated by increase in [Ca2+]i while in salivary gland acini is is controlled by
intracellular generation of cAMP. These cells are organized to facilitate vectorial secretory
processes and it is interesting that the cellular architecture can be correlated with polarized
cellular functions, such as ion transport and Ca2+ signaling. For example, Ca2+ signaling
proteins are organized as complexes which are compartmentalized at strategic locations in
the cell with most of the receptors being localized in the basolateral region where stimuli are
detected. Specificity in the cellular location of these proteins allows for the generation of
localized Ca2+ signals and the propagation of Ca2+ waves [4, 6–9]. The local and global
Ca2+ signals are then sensed and transduced for the regulation of critical ion channels that
drive fluid secretion.

THE ROLE OF [Ca2+]i IN THE REGULATION OF FLUID SECRETION
The first studies, reported almost three decades ago, provided strong evidence for the
involvement of Ca2+ in the regulation of fluid secretion in the salivary gland and pancreas
[16, 17]. Key experiments done with perfused salivary gland preparations demonstrated that
sustained fluid secretion is achieved only when Ca2+ is present in the external medium;
while in the absence of external Ca2+, fluid secretion is stimulated transiently. This
suggested that Ca2+ entry likely contributes to regulation of secretion. The activation of
Ca2+ entry in acini was more directly shown by 45Ca2+ flux experiments that revealed an
uptake of Ca2+ when cells were stimulated by agonist that also triggered fluid secretion [17].
These studies also provided conclusive evidence that Ca2+ release from, as well as uptake
into, cells is initiated in response to agonist stimulation and that these processes occur
concurrently with fluid secretion. Thus it was proposed that stimulation of cells lead to
changes in intracellular Ca2+ homeostasis and plasma membrane Ca2+ permeability.
Furthermore, the release of Ca2+ from the cell was temporally correlated with the efflux of
K+ and an increase in fluid secretion, while Ca2+ uptake was associated with prolonged fluid
secretion. In aggregate, these data provided strong support for the suggestion that Ca2+ was
sequestered in an internal store from where it was released following stimulation. The
uptake mechanism into the store was also established by the identification of an ATP-
dependent Ca2+ uptake mechanism (i.e. Ca2+ pump) in the ER membrane that mediates
active uptake of Ca2+ from the cytosol into the ER-Ca2+ store of exocrine gland cells.

A landmark study in the field of Ca2+signaling was the demonstration that IP3, a diffusible
second messenger synthesized in response to agonist stimulation of cells, induced the release
of Ca2+ from ER [18]. This finding demonstrated that inositol lipid turnover following
receptor stimulation is functionally linked to intracellular Ca2+ mobilization and enzyme
secretion in pancreatic acinar cells. These conclusions were further corroborated when
fluorescent probes for measuring [Ca2+]i became available. This technique revolutionized
the field of Ca2+ signaling and rapidly advanced studies in cell populations and tissue
sections to measurements and real-time imaging of [Ca2+]i in single cells. Such studies
conclusively established that agonist stimulation of cells induced Ca2+mobilization events
that followed a specific temporal and spatial pattern. Stimulation of cells, including exocrine
gland cells, induces a biphasic increase in [Ca2+]i, with an initial rapid increase that is not
affected by the removal of external Ca2+ and a subsequent lower sustained [Ca2+]i increase
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that is completely dependent on the presence of external Ca2+ [3, 4, 6, 7, 9, 13]. This
sustained [Ca2+]i increase is inhibited by external addition of La3+ or Ca2+ chelators,
confirming that it is determined by Ca2+ influx into the cell. Subsequent studies showed that
the sustained increase in [Ca2+]i determines salivary gland fluid secretion since it is required
for the activation of key ion flux systems, e.g. KCa channels, the Na+/K+/2Cl− cotransporter,
and TMEM16A channel, that together drive water secretion in acini. In addition, membrane
trafficking of the water channel, AQP5, the primary water channel involved in fluid
secretion, is also dependent on sustained [Ca2+]i elevation [4, 12].

MECHANISMS THAT CONTRIBUTE TO CYTOSOLIC [Ca2+]i INCREASE
Major mechanisms that contribute to the regulation of [Ca2+]i are plasma membrane
receptors, Ca2+ channels in the ER and plasma membrane, as well as Ca2+ pumps and
mitochondria [3, 4, 8, 19, 20]. Studies using knockout mice established that M(1) and M(3)
subtypes are the main muscarinic receptors in salivary glands involved in fluid secretion.
Mice lacking these receptors display severe diminution of pilocarpine-stimulated saliva
flow. Further, acinar cells isolated from these mice show loss of carbachol-stimulated Ca2+

release as well as Ca2+ entry [21, 22]. The two major events required for maintaining a
sustained [Ca2+]i elevation are internal Ca2+ release and Ca2+ entry. One of the best
characterized and most important Ca2+channels in cells is the IP3R which mediated rapid
release of Ca2+ from the ER-Ca2+ store into the cytosol [6, 7, 18, 19]. In salivary gland cells,
IP3R2 and IP3R3 are the major isoforms that have been established to have a physiological
role in the regulation of fluid secretion [5–7]. Both these receptors are concentrated in the
apical region of both pancreatic and salivary acini. Release of Ca2+ via these receptors leads
to the initial increase in [Ca2+]i that is detected at the apical pole Fig. (2). Interestingly, IP3R
is regulated both by IP3 as well as Ca2+. Ca2+-dependent regulation of IP3R exhibits a
biphasic pattern with an increase in IP3-mediated Ca2+ release at relatively low [Ca2+]i and
inhibition at higher [Ca2+]i (> 300nM). The ability of Ca2+ to increase IP3R function is
completely dependent on [IP3], with the sensitivity to [Ca2+] increasing at higher [IP3]. This
feed-forward and feedback regulation of IP3R by Ca2+ ensures that the channel is activated
when [Ca2+]i is low but restricted when [Ca2+]i is high. The range of [Ca2+]i changes in each
cell type is tightly regulated to achieve the necessary physiological response and also to
protect the cell. For example, if ER-Ca2+ stores are excessively depleted, cells can undergo
ER stress. Regulation of the IP3R function ensures against such depletion. When IP3Rs are
inactivated at high [Ca2+]i, activity of the Ca2+ pump mediates refilling of the ER-Ca2+

stores so that it is primed for the next release event [19].

The physiological role of IP3Rs in exocrine gland cells was established by studies with
knockout mice models. While animals with individual knockout of either the type-2 or
type-3 IP3R have no significant effects on muscarinic-receptor stimulated secretion or
increases in [Ca2+]i, those lacking both subtypes display a much more striking phenotype.
Firstly, although animals are born normally, they failed to survive past weaning.
Furthermore, there is complete elimination of agonist-induced Ca2+ signaling, even when
supramaximal concentrations of agonist is used [23]. This study not only provided the first
physiological evidence that IP3Rs are the main intracellular release channels, but also
established the critical role of IP3R2 and IP3R3 in exocrine gland function. The findings
also revealed that intracellular Ca2+ release is key to the regulation of fluid secretion. Ca2+

entry mechanism(s) that is not dependent on internal Ca2+ release should remain active and
not be affected by deletion of IP3Rs. However, this type of Ca2+ entry appears to have
minimal role in stimulating fluid secretion.
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MECHANISMS OF Ca2+ INFLUX
As noted above, the requirement of extracellular Ca2+ influx in salivary fluid secretion was
established more than three decades ago. However, identification of the molecular
components involved in mediating and regulating Ca2+ entry in salivary gland and other
non-excitable cells continued to remain a challenging problem for investigators in this field.
As noted above, Ca2+ entry into exocrine acinar cells is activated soon after cells are
stimulated by an agonist. Since Ca2+ influx is apparently terminated when the agonist is
removed or when an antagonist is added to cells, it was suggested that Ca2+influx was
activated either directly as a result of agonist binding to the receptor or by an intracellular
second messenger generated in response to receptor stimulation [20]. The exact stimulus for
Ca2+ entry was established following the identification of thapsigargin as a specific ER-Ca2+

pump inhibitor. Addition of thapsigargin to cells induces a slow depletion of Ca2+ in the ER-
Ca2+ store, likely as a result of Ca2+ release via an ER-Ca2+ leak that is normally
compensated by the Ca2+ pump activity. While this ER-Ca2+ leak pathway remains to be
identified, this important study demonstrated that activation of Ca2+ entry is not dependent
on receptor-coupled signaling mechanisms per se but rather on the [Ca2+] status of the ER
store. Additional studies showed that refilling of the internal Ca2+ store that occurred
following removal of agonist from the external medium, induced inactivation of Ca2+ entry.
Thus, the terms capacitative Ca2+ entry (CCE) or store-operated Ca2+ entry (SOCE) were
coined to describe this entry mechanism [14].

Several major studies have demonstrated that SOCE is the primary mode of Ca2+ influx in
salivary gland and pancreatic acinar cells following receptor stimulation and that critical
regulation of fluid and protein secretion, respectively, in the two glands are dependent on
this process [4, 5, 12]. The mechanism coupling ER-Ca2+ store depletion to the activation of
plasma membrane Ca2+ entry remained an elusive problem that initiated extensive studies.
The first model proposed to describe the mechanism of SOCE was that the ER is physically
linked to the plasma membrane such that Ca2+ entering the cell directly enters the ER-Ca2+

store from where it is released via the IP3R into the cytosol [13]. When the level of Ca2+ in
the ER is high, as in resting cells, Ca2+ entry will be inhibited via a direct effect of the Ca2+

on the entry mechanism. Conversely, when the Ca2+ level decreases following IP3-induced
Ca2+ release, the inhibition is depressed and Ca2+ influx is activated. This concept of direct
Ca2+ entry into the ER was ruled out based on studies using Mn2+, as a Ca2+ surrogate ion,
which enters cells via plasma membrane Ca2+ entry pathways but is not a substrate for the
ER-Ca2+ pump. Thus, demonstration that addition of Mn2+ to the external medium of
stimulated cells induced quenching of Fura2 in the cytosol provided evidence that Ca2+

enters the cytosol and is subsequently accumulated into the ER [14, 15].

Subsequent studies from many laboratories using a wide variety of cell types showed that
SOCE is a ubiquitous pathway that is required for many different physiological functions,
such as exocrine secretion, platelet aggregation, endothelial cell permeability and migration,
cell proliferation, T-lymphocyte activation, and mast cell degranulation. Identifying the
mechanisms and components of this pathway was a major focus of interest in the field of
Ca2+ signaling for more than twenty years. The major problems that needed to be addressed
in order to fully explain SOCE were: (i) identification of the molecular components of the
SOCE channel and (ii) resolution of the mechanism by which the ER-Ca2+ status is
transmitted to the Ca2+ channel in the plasma membrane. Initial studies lead to the
suggestion that a physical interaction between IP3R in the ER and the plasma membrane
channel and regulates SOCE. According to this the IP3R undergoes a conformational change
when [Ca2+] in the ER is lowered that is transmitted to the plasma membrane channel
resulting in activation of SOCE. However, a direct role for IP3R in gating the SOCE channel
was excluded based on studies in DT40 (a chicken B cell line) which had normal SOCE
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despite deletion of all three IP3R subtypes (further discussed below). The second suggestion
was that a diffusible metabolite is released from the ER together with Ca2+ which upon
binding to the putative plasma membrane channel induces its activation. This model remains
contentious due to lack of data to conclusively support it. Another possible mechanism is the
recruitment of channels to the plasma membrane by a regulated trafficking mechanism.
Despite the lack of knowledge regarding the exact mechanism of SOCE, it was evident that
there must be close physical proximity between the ER and plasma membrane during
activation of SOCE as it is a relatively rapid process. Furthermore, Ca2+ entering the cells
during store refilling is rapidly taken up into the ER with minimal changes in global [Ca2+]i.

MOLECULAR COMPONENTS OF SOCE
Major breakthroughs in our understanding of the mechanism of SOCE were made over the
past ten years. Both the molecular components of the channels as well as the mechanism
involved in sensing and transmitting the ER-[Ca2+] status to the plasma membrane have
now been identified. Members of the transient receptor potential canonical (TRPC) channels
were the first calcium permeable channels to be proposed as candidates for the channel
mediating SOCE [8, 24–27]. All TRPC channel members are activated following
stimulation of PIP2 hydrolysis by PLC, but only few are also activated in response to
thapsigargin stimulation of cells. Thus, some TRPC channels (e.g. TRPC1, TRPC3, and
TRPC4) fulfilled the criteria as mediators of SOCE. Although data from heterologous
expression studies have not been very consistent, consequences of knockdown of
endogenous proteins have provided strong evidence for the involvement of these channels in
SOCE. Among these, the strongest data are available for a role for TRPC1 in SOCE. A large
number of studies have been carried out in exocrine gland cells. Studies in the human
submandibular gland cell line, HSG, first demonstrated that TRPC1 contributes to SOCE [4,
26–30]. Further, generation of mice lacking TRPC1 provided conclusive evidence for the
function of this channel in salivary and pancreatic acinar cells. These mice displayed a
severe decrease in fluid secretion, almost to the level seen in AQP5−/− mice, which was
correlated with a loss of thapsigargin- and carbachol-stimulated Ca2+ entry. Ca2+-dependent
potassium (KCa) channel function, which depends on Ca2+ entry, was also significantly
depressed. This study demonstrated that SOCE is the primary Ca2+ entry pathway in these
cells that drives fluid secretion (consistent with the lack of Ca2+ influx in acini from
IP3R2+IP3R3−/− mice as discussed above). Together, these data finally established TRPC1
as a critical channel component of SOCE in salivary gland acinar cells that is essential for
neurotransmitter-mediated regulation of fluid secretion. TRPC1 also contributes to SOCE in
pancreatic acinar cells where it has a role in modulation of the Ca2+-activated Cl− current,
another key ion channel required for secretion. In addition, TRPC3 contributes to SOCE and
mediates a significant portion of the receptor-stimulated Ca2+ influx in exocrine pancreatic
acinar cells. TRPC3-mediated Ca2+ influx in these cells affected the frequency of Ca2+

oscillations [31].

Although several studies demonstrated that TRPC channels contributed to SOCE, they were
associated with the activation of relatively non-selective cation channels in cells, referred to
as SOC, store-operated calcium, channels. Thus TRPC proteins were ruled out as
components of the Calcium Release-Activated Calcium (CRAC) channel, the first SOCE-
associated current identified in mast cells and lymphocytes. Search for the mechanism
regulating SOCE and CRAC channel components led to the exciting identification of two
protein families, STIM and Orai [14, 32]. While the STIM family consists of STIM1 and
STIM2, a large number of studies have focused on STIM1 and presently there is not much
information regarding STIM2. STIM1 is an ER protein with a single membrane spanning
region, an N-terminal EF-hand domain residing within the ER lumen and a cytosolic
domain. The Ca2+-binding domain serves as a sensor for Ca2+ within the ER. When ER-
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Ca2+ stores are full in resting cells, STIM1 is diffusely localized in the ER. IP3-mediated
release of Ca2+ from the ER induces a drop in ER-[Ca2+] and dissociation of Ca2+ from the
EF-hand domain. This is the initial trigger for the aggregation, clustering and translocation
of STIM1 to the periphery of the cells, where it accumulates in specific ER-plasma
membrane junctional domains. Accumulation of STIM1 in this region can be detected and
these aggregates have been referred to as punctae. It has been suggested that STIM1
interacts with and activates the channels involved in SOCE within these domains. The other
critical SOCE component that was identified was the Orai family of calcium channels which
includes three members, Orai1, Orai2, and Orai3. Among these, Orai1 has been most widely
studied and established as the poreforming component of CRAC channels. Orai1 is a four
transmembrane plasma membrane protein that is assembled in tetramers. There is
convincing evidence to show that co-expression of Orai1 and STIM1 is sufficient for
generating CRAC channel function [33–35]. As predicted by the contribution of TRPC1 to
SOCE, it was reported that STIM1 interacts with and activates TRPC1 and TRPC3 [36–38].
When the TRPC channels are co-expressed with STIM1, there is an increase in Ca2+ entry,
measured by Fura2 fluorescence assays. Further, SOC channel activity is generated under
these conditions, consistent with previous studies. More importantly, it has been shown that
STIM1 gates Orai1 and TRPC1 via distinct C-terminal domains [34, 39, 40]. The STIM1-
SOAR domain in the C-terminus of STIM1 (also referred to as the CAD domain) interacts
with Orai1 and gates the CRAC channel. In contrast, the C-terminal polybasic (KK) motif of
STIM1 activates TRPC1 by an electrostatic gating mechanism that results in SOC channel
activation [40, 41]. Together, these data finally validated the “conformational coupling”
model for the regulation of SOCE, although the protein in the ER was established as STIM1
and not IP3R.

A very important but somewhat contentious finding was that in addition to STIM1, TRPC1
function was also dependent on functional Orai1 channels. [26, 38, 41, 42]. These studies
showed that when endogenous Orai1 expression is suppressed or when functionally deficient
Orai1 mutants are expressed, the increase in TRPC1-STIM1 function in response to store
depletion is eliminated. Further, TRPC1 is recruited into a complex with Orai1 and STIM1
following stimulation of cells which is dependent on STIM1. Two possible explanations
were suggested to explain the critical requirement of Orai1 in TRPC1 function. The first
proposed that TRPC1 and Orai1 contribute to a heteromeric channel, where loss of either
component leads to deficient channel function. This is inconsistent with the generation of
CRAC channel activity in the absence of TRPC1. According to the second, Orai1 function
leads to activation of TRPC1 via a secondary mechanism, as demonstrated in a recent report.
This important study revealed that Orai1 and TRPC1 constitute distinct Ca2+ channels and
do not contribute to a single channel. Suppression of TRPC1 activation or expression of the
STIM1-SOAR domain leads to activation of CRAC channel current in cells that normally
display SOC currents, which suggests that TRPC1 function masks the underlying Orai1-
CRAC channel activity. This study further demonstrated that Orai1-mediated Ca2+ entry
triggers recruitment of TRPC1 to the plasma membrane where the channel is gated by
STIM1 [43]. Based on these findings, it was proposed that Orai1 is the first channel to be
activated in response to store depletion and it provides a trigger pool of calcium that
regulates plasma membrane recruitment of TRPC1, a critical step in TRPC activation.

Despite the close proximity of these channels to each other, TRPC1 and Orai1 contribute to
the regulation of distinct downstream Ca2+-dependent cell function. TRPC1 is not required
for NFAT activation, which is almost exclusively regulated by Ca2+ entering via Orai1. On
the other hand TRPC1 contributes to NFκB and KCa channel activation. Thus, the
physiological function of each channel appears to be quite distinct even though they both are
are assembled within a protein complex, are active at the same time, and contribute to
[Ca2+]i elevation induced in response to agonist-stimulation of cells and intracellular Ca2+
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store depletion. Together these findings suggest the possibility that Ca2+ entry via these two
channels lead to generation of distinct Ca2+ signaling microdomains. The nature of Ca2+

signals generated by them and the identities of Ca2+ sensors and mediators in the vicinity of
these channels, which determine the specificity of functional regulation, remains to be
elucidated. Furthermore, the physiological regulation of TRPC1 by Orai1 has also not been
demonstrated as yet within the intact gland. Studies with TRPC1−/− mice suggest that
TRPC1 is not redundant in salivary gland fluid secretion. Further, it is also clear that the
residual Orai1 in the TRPC1−/− glands cannot sustain the activation of the ion channel
mechanisms required for salivary secretion; e.g. KCa channel [12]. While the exact
physiological role of Orai1 and STIM1 in exocrine gland function needs to be confirmed, a
recent study showed that knockdown of TRPC1, STIM1 or Orai1 expression in isolated
exocrine cell preparations led to reduced SOCE and frequency of Ca2+ oscillations [44].
Thus, these data suggest that all three proteins are required for agonist-induced Ca2+

signaling in exocrine acinar cells.

COMPARTMENTALIZATION OF Ca2+ SIGNALING IN EXOCRINE GLAND
CELLS

Exocrine gland cells have a polarized architecture with distinct basal and apical regions.
Apart from the morphological distinctions, these cellular regions are also functionally
distinct. The primary reason for this is to achieve and facilitate a vectorial secretory process.
Polarization of the structure and function necessitates targeting and compartmentalization of
functionally relevant proteins to specific locations in the cells. This is primarily achieved by
the assembly of functionally related proteins into complexes that are localized in specific
cellular regions. Ca2+ signaling mechanisms are also similarly compartmentalized. As
discussed above, the [Ca2+]i signals generated inside the cell in response to stimulation are
spatially and temporally specific. This is accomplished by localizing the relevant Ca2+

signaling proteins within the cellular region where the [Ca2+]i signal is required for the
regulation of cell function. Such polarized localization has been shown for almost all Ca2+

signaling proteins in exocrine acinar cells; e.g. the three IP3Rs, SERCA and PMCA pumps,
GPCRs, TRPC channels, Orai channels, and STIM1 [6–9, 44–46]. Compartmentalization of
these proteins launches the Ca2+ signal in the apical region of the cell and initiates the
vectorial secretion, exocytosis of secretory granules or fluid and electrolyte secretion [4, 6,
7, 9]. Previous studies have demonstrated that agonist-stimulated Ca2+ signalling in exocrine
gland cells is highly polarized, initiating at the apical pole and propagating to the basal pole.
The Ca2+ signal evoked by physiological agonist concentrations is in the form of Ca2+

oscillations, where the Ca2+ signal is periodically repeated. Frequency and amplitude of
these oscillations are determined by the intensity of receptor stimulation. Although the
fundamental aspects of Ca2+ signaling are similar, the details of Ca2+ signals are specific to
pancreatic and salivary cells in terms of sensitivity to agonist stimulation, frequency of the
oscillations, and speed of the Ca2+ waves. In salivary glands, the Ca2+ oscillations always
start at the apical pole and propagate to the basal pole in the form of Ca2+ waves. In
pancreatic acinar cells, the oscillations can remain confined to the apical pole, especially
following stimulation with lower levels of agonist. Interestingly, the different spatial and
temporal aspects of the Ca2+ oscillations in pancreatic and parotid acinar cells [6, 10] reflect
the specific Ca2+ requirements for the regulation of secretion in the two types of glands. The
Ca2+ signaling pathway mediates exocytotic enzyme secretion in pancreatic acini and fluid
secretion in salivary glands.

Measurements of ion flux mechanisms localized in different regions of the cell have
provided insight as to why local [Ca2+]i signals might be extremely important in these cells.
However, little is known about the mechanism(s) that is involved in the targeting, assembly
and retention of Ca2+ signaling complexes. Examples from several other cell types, and a
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few from exocrine gland cells, suggest that scaffolding proteins are likely to mediate the
retention of proteins within specific cellular domains. Nonetheless, it is possible that the
localization of cellular organelles and their dynamic regulation, such as rearrangement or
trafficking, also contribute to the pattern of Ca2+ signals in the cells. For example in
pancreatic acinar cells, mitochondria cause a fire-wall effect and restrict [Ca2+]i elevations
to the apical region [9, 11]. Similarly recruitment of ion channels such as TRPC1 into the
plasma membrane could lead to increases in [Ca2+]i in the vicinity of ion flux components.
Finally, clustering of the channels could also provides a way of increasing the amount of
[Ca2+] entering a particular location in the cell. The initiation and propagation pattern of
Ca2+ waves evoked by the same agonist originate from the exact same site and are
propagated along the same path. Such specificity in the generation and migration of cellular
Ca2+ suggests that stably localized Ca2+ signaling proteins are involved in defining the
pattern of Ca2+ signals. Consistent with this suggestion, immunolocalization studies
revealed that Ca2+ signaling proteins (e.g. IP3Rs) are concentrated at the apical pole of
polarized cells. What is really interesting, although not completely proven as yet by
experimental evidence, is that the Ca2+ signaling complex at the apical pole appears to be
much more sensitive to agonist stimulation than the complexes at the basal pole since Ca2+

responses are detected in this region at very low levels of agonists. Whether this is due to
differences in the components of IP3Rs per se or a consequence of spatial aspects of their
assembly remains to be established.

In addition to protein microdomains, [Ca2+]i signals are also compartmentalized. A
particularly interesting Ca2+ microdomain was described in a recent study in which [Ca2+]i
in the sub-plasma membrane region was measured using TIRF microscopy [47]. The
findings from this study revealed relatively high and sustained [Ca2+]i elevation underneath
the plasma membrane when SOCE is activated. It has been suggested that the [Ca2+] near
the channel pore is likely to be relatively high compared to areas of the cell that are further
away from the cell. Fast diffusion in the cytosol as well as other buffering mechanisms
allow the quick dissipation of the initial [Ca2+]i signal. The functional relevance of this
localized high [Ca2+] signal is not yet known, although it is reasonable to suggest that it is
likely utilized for regulation of specific functions such as activation of ion channels and
Ca2+-dependent signaling components (e.g. CaM, calcineurin, NFAT) that are localized
within the vicinity of the channel. The pattern of [Ca2+]i change is determined by the type of
cell function that is activated and the Ca2+ sensor that transduces the signal to the effector
protein. An example of this is evident in HSG cells, where Orai1-specific Ca2+ influx but
not global Ca2+ increase accounts for the activation of NFAT Fig. (3).

TRPC1 and Orai1 also display spatially distinct localizations in acinar cells. TRPC1 is
primarily localized in the basal and lateral regions of acinar cells while TRPC3 is detected
both in the apical as well as basolateral region of the cell [12, 31, 46]. Orai1 is localized in
the lateral membrane towards the apical region, although low levels of the channel could be
present in the basolateral membrane region. Orai1 and TRPC1 overlap in the luminal end of
the lateral membrane [43, 44]. Under resting conditions, STIM1 appears to be localized in a
diffused pattern in the cell but following stimulation, it translocates to the lateral and basal
regions where it co-localizes with Orai1 and TRPC channels. The localization of these key
components of SOCE suggests that they can contribute to the apical and basal [Ca2+]i
signals. Based on the data obtained with TRPC1−/− mice, it can be hypothesized that
TRPC1 is a non-redundant component in salivary gland cells and the primary contributor of
the sustained Ca2+ influx that drives fluid secretion. While Orai1 is likely to regulate TRPC1
function, a direct contribution to secretion has not yet been established. Furthermore, neither
Orai1 nor any other channel appears to compensate for the loss of TRPC1 function in these
cells.
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Ion flux components involved in the regulation of fluid secretion are also localized within
specifc cellular regions in acinar cells which are defined by their specific role in the process
of fluid secretion. For example, AQP5 mediates water flow out of the cell (the final step in
fluid secretion) and is located in the apical membrane. On the other hand, NKCC1 mediates
influx of Cl− into the cell for its transcellular movement and is localized in the basolateral
region of acinar cells, while the chloride channel involved in Cl− secretion from the cell,
TMEM16A, is localized in the apical region. KCa channels are found at both locations and
have a role in maintaining membrane potential. Importantly, all these ion flux pathways are
regulated by agonist-dependent [Ca2+]i increases [3, 4, 7]. It can be predicted that both
apical and basolateral Ca2+ signals contribute to the regulation of these ion fluxes. These
include local changes in [Ca2+]i due to Ca2+ entry via calcium channels localized within the
specific domains or global [Ca2+]i changes that facilitate the spread of Ca2+ from the site of
Ca2+ channels to the ion flux systems. The exact local and global [Ca2+]i increases
contributed by Orai1 channels that are localized in the lateral and luminal region of the cells,
as well as TRPC1 channels localized in the basolateral regions, in response to stimulation of
cells by agonists need to be determined. Future studies should be directed towards
addressing the mechanisms which control the temporal and spatial specificity of [Ca2+]i
signals and how a particular [Ca2+]i signal is decoded by the cell for regulation of specific
downstream effectors.

CONCLUSIONS
In the past four decades since the identification of Ca2+ as a critical factor in salivary gland
function, several key components (e.g. receptors, G proteins, phospholipase C) that are
involved in generating and regulating cellular [Ca2+] signals in exocrine glands have now
been identified. IP3R2 and IP3R3 have been established as the primary intracellular Ca2+

release channels involved in agonist-mediated Ca2+ mobilization. Interestingly, localization
of these receptors in the apical region of the cell has been linked to the initiation of receptor-
mediated intracellular Ca2+ release in this domain. The key molecular components and
mechanism(s) that underlie regulation of SOCE have also been elucidated. TRPC1 is a
critical contributor to SOCE and secretion in both salivary and pancreatic acinar cells.
Further, Orai1 and STIM1 have been identified as central components of SOCE and are
required for TRPC1 function. While STIM1 gates TRPC1, Orai1 controls its function by
regulating the trafficking of TRPC1 to the plasma membrane. Important insights into the
assembly of the TRPC1/STIM1/Orai1 complex, which leads to the activation of TRPC1 and
Orai1 channels, have also been described. Emerging studies highlight the functional
specificity of the different calcium channels within the same cell. These distinct properties
are determined by the local Ca2+ signaling initiated by each channel and mediated by the
compartmentalization of specific Ca2+ sensors and signaling proteins within the channel
microdomains. Although the physiological relevance of Orai1 and STIM1 in the exocrine
glands have yet to be described, occurrence of these two proteins in areas where TRPC1 is
located suggest close functional interactions between these proteins. Together, these studies
provide significant insights into the assembly and compartmentalization of these crucial
Ca2+ signaling components in the exocrine gland cells and their roles in the control of
polarized secretion in each gland.
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Fig. (1). Ca2+ signaling mechanisms regulating salivary gland fluid secretion
The figure shows Ca2+ mobilizing events in acinar cells that are initiated by a stimulus and
lead to fluid secretion. Red arrows indicate mechanisms regulated by [Ca2+]i increase. The
coordinated regulation (spatial and temporal) of Ca2+ signaling as well as ion channel
activation achieves the secretion of fluid from acinar cells.
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Fig. (2). Initiation and propagation of cytosolic calcium increases in acinar cells
Release of calcium via apically localized IP3Rs triggers the initial apical rise in cytosolic
[Ca2+] following cell stimulation. The calcium signal is then propagated towards the basal
region of the cell. It is suggested that apically localized channels are activated first followed
by those in the lateral and basal regions of the cell. Activation of calcium entry channels
allows a sustained rise in cytosolic [Ca2+] which is required to drive fluid secretion.
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Fig. (3). Ca2+-dependent regulation of cell function
Agonist-stimulated cytosolic calcium changes result from intracellular Ca2+ release as well
as Ca2+ entry. Sustained calcium entry drives several key cellular functions including Ca2+-
dependent gene expression as well as regulation of ion channel activities. In salivary gland
cells, cell lines and acinar cells from mice, TRPC1-mediated Ca2+-entry is the primary
determinant of sustained KCa channel activation. On the other hand, studies in cell lines
show that Orai1-mediated Ca2+ entry drives NFAT activation, without any contribution of
TRPC1. In contrast, NFκB activation requires contributions from both Orai1 and TRPC1.
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