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Calcium Signaling in Salivary Secretion

Jin Man Kim, Sang-Woo Lee, Kyungpyo Park

Department of Physiology, School of Dentistry and Dental Research Institute, Seoul National University, Seoul, Korea

Calcium has versatile roles in diverse physiological functions. Among these functions, intracellular Ca** plays a key
role during the secretion of salivary glands. In this review, we introduce the diverse cellular components involved
in the saliva secretion and related dynamic intracellular Ca** signals. Calcium acts as a critical second messenger
for channel activation, protein translocation, and volume regulation, which are essential events for achieving the
salivary secretion. In the secretory process, Ca™* activates K" and CI” channels to transport water and electrolyte
constituting whole saliva. We also focus on the Ca™ signals from intracellular stores with discussion about detailed
molecular mechanism underlying the generation of characteristic Ca™ patterns. In particular, inositol triphosphate
signal is a main trigger for inducing Ca™ signals required for the salivary gland functions. The biphasic response
of inositol triphosphate receptor and Ca* pumps generate a self-limiting pattern of Ca™ efflux, resulting in Ca™
oscillations. The regenerative Ca™* oscillations have been detected in salivary gland cells, but the exact mechanism
and function of the signals need to be elucidated. In future, we expect that further investigations will be performed

toward better understanding of the spatiotemporal role of Ca™* signals in regulating salivary secretion.

Key Words: Calcium-activated chloride channels; Calcium oscillations; Calcium signaling; Inositol 1,4,5-trisphosphate
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Introduction

Salivary glands are the representative exocrine
system in oral and maxillofacial region, which play
a crucial role in maintaining oral and general health.
Impaired function of the salivary glands results in
xerostomia that can trigger diverse dental diseases
such as dental caries, burning mouth syndrome
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and oral candidiasis”. Therefore, to understand
the accurate molecular mechanism underlying
saliva secretion is an essential step for developing
therapeutic approaches for the xerostomic condi-
tions. Among myriad regulators, we focus on the
role of calcium, a versatile second messenger in
diverse physiological functions, in the salivation
process. Moreover, we introduce calcium dynamics
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and related signaling pathways reported in salivary
glands.

The Role of Calcium in Salivary Glands

Calcium plays a key role during the secretion
in salivary glands”. It has been well known that
many ion channels and membrane transporters
are involved in this process. Among these, CI" and
K" channels are putative ion channels in exocrine
glands including salivary glands. In salivary
glands, two types of K" channels has been reported;
one is Ca**-dependent K* channels and the other
is Ca”"-independent K" channels. Ca**-dependent
K" channels are found in acinar cells from rat
lacrimal glands and salivary glands™. While,
Ca**-independent K" channels were also found in
submandibular gland acinar cells, which has an
intermediate conductance”. The role of intermediate
conductance K* channels is not clear, but it appears
to play a role in maintaining resting membrane
potentials. In salivary glands, CI" channels are also
can be divided into two types based on calcium
dependency; the one is Ca’*-dependent” and the
other is Ca*"-independent””. Interestingly, Ca*'-
activated Cl” channels also can be regulated by
intracellular pH”. Pilocarpine, a partial muscarinic
agonist and widely used in dental clinic as a
scretagogue, was reported to generate the current
of Ca**-activated CI” and K* channels, which further
support the putative role of these channels and
calcium in salivary secretion'”. It has been known
that calcium is also necessary for the translocation
of some proteins involved in secretion. Aquaporin
(AQP) water channel is water channels and plays
an important role in water transport during salivary
secretion. AQP also regulated by intracellular
free calcium. Among the subtypes of AQP, AQP-
5 dominantly expressed at the apical membrane.
Previous work demonstrated that it is translocated
from the cytosol at the resting state to the membrane

. . : 1
surface by an increase of intracellular calcium'”.

Volume regulation is important for the survival of
some mammal cells which is frequently exposed to
osmotic changes. Therefore, volume regulation is
important for salivary epithelial cells, since salivary
secretion results in the perturbation of cell volume
accompanied by water and electrolyte movement.
There are many evidences that calcium is necessary
for the volume regulation in salivary epithelial
cells. Ca**-dependent BK* channels are activated
by the hypotonic stress”. Beside Ca**-activated
CI” channels, volume sensitive Cl” channels and
chloride channel-3 in acinar cells isolated from the
rat lacrimal gland and submandibular salivary
gland has also been reported™. In regarding to the
importance of volume regulation, both types of CI”
channels appear to be activated by hypotonic stress.

Then what’s the source of intracellular free
calcium? The previous results showed that Ca**
can be released from the three kinds of intracellular
calcium stores; inositol-1,4,5-trisphosphate (InsP,)
sensitive calcium store, ryanodine sensitive calci-
um store and mitochondria'. Among these, mito-
chondria appear to play as a Ca™ barrier to block
the global spread of calcium which can damage
cells. The other two calcium storage systems, InsP;
and ryanodine, evokes rapid Ca™ efflux from
endoplasmic reticulum (ER) to cytoplasmic space,
inducing diverse cellular functions related to saliva

secretion.

The Intracellular Calcium Stores Involved
in the Secretory Process

ER is a major Ca™ storage that governs intra-
cellular Ca** dynamics. ER occupies largest area
of cytoplasmic space of the cells, and diverse Ca”*
detecting molecules, channels, and buffers are
included in this complex'”. The counter part of ER
is existed as a sarcoplasmic reticulum in muscle
cells. In addition to intracellular Ca* regulation,
ER involves in various cellular functions such as
protein synthesis, phospholipid formation, and
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molecular transport””. However, ER is known
as the primary site of Ca”* transport, resulting in
dynamic changes in cytoplasm-ER lumen Ca**
concentration. The major players of such regulation
process are two well-known ligand-gated channel,
an inositol-1,4,5-trisphosphate receptor (InsP;R)
and a ryanodine receptor (RyR). Just like its name,
InsP;Rs induce Ca** mobilization in response to
subtle changes of InsP; concentration, which is
regulated by the metabolic processes of a number
of membrane receptors'. RyR is typically opened
by Ca* influx mediated by voltage-dependent
Ca™ channels, named by Ca**-induced Ca* release
(CICR)"™. This reaction is critical for amplifying the
magnitude and/or duration of intracellular Ca*
signals. To date, it have been reported that each
receptor family comprises three isoforms (InsP;R1-3
and RyR1-3), which show tissue-specific expression

it
8 However,

profile, especially in excitable cell types
the accurate expression profile of these proteins in
salivary glands is not clear yet. The opening of the
receptor channels elicits rapid efflux of Ca® from
ER stores, called Ca™ puff (by InsP;R) or Ca** spark
(by RyR)'"”. This rapid perturbation of ionic gradient
across the ER membrane can be immediately
returned to basal state by replenishing Ca™ ions by
two routes from Ca** sources. Sarco(endo)plasmic
reticulum Ca”**-ATPase (SERCA) pump is a major
transport system for Ca” from cytoplasmic space
to ER lumen. Moreover, recently introduced store-
operated Ca® entry (SOCE) mediates direct Ca™*
uptake from extracellular space'” (Fig. 1).

The mechanisms and functions of intracellular
Ca”™ stores in nervous and muscular system are
quite well understood. InsP;R response in pre/
post synaptic neurons is involved in broad range of
neuronal functions such as synaptic transmission
and plasticity'™®'. In muscle contraction, RyR-
mediated CICR process is essential for actomyosin
engagement™. Moreover, it has been reported that
exocytotic secretion process is mainly regulated by

ER Ca* release in several nonexcitable and excitable
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cells. Ryanodine sensitive Ca** stores in presynaptic
neurons amplify spike-triggered Ca” signals in
presynaptic terminals, and consequently enhance
the transmitter release'®. Gonadotropin-releasing
hormone also induced exocytosis in pituitary
gonadotrophs through Ins(1,4,5)P;-mediated Ca**
release™. In the exocrine pancreas, muscarinic
acetylcholine receptors (mAChRs) mediated
secretory process in pancreatic acinar cells through
Ins(1,4,5)P; pathwayzz).

The secretion process in salivary glands is also
primarily mediated by mAChRs. Acetylcholine is
a parasympathetic neurotransmitter that functions
in neuromuscular junction, central nervous system,
and also in salivary glands. Therapeutic use of
muscarinic antagonists (e.g., atropine) reported

a frequent side effect including xerostomia and

Lumen

Fig. 1. Muscarinic acetylcholine receptor (mMAChR) mediated
Ca’* signaling pathways in salivary glands. mAChR activation
by acetylcholine mediates phospholipase C (PLC) pathway
that increase Ins(1,4,5)P, (IP;) production, resulting in Ca*
mobilization from ER storage. Sarco(endo)plasmic reticulum
Ca”*-ATPase (SERCA) pump is a major transport system for Ca>*
from cytoplasmic space to ER lumen. Moreover, store-operated
Ca’* entry (SOCE) induced by stromal interaction molecule 1
(STIM1)-Orail interaction mediates direct Ca’* uptake from
extracellular space. Ach: acetylcholine, PIP,: phosphatidylinositol
4,5-bisphosphate, DAG: diacylglycerol, ER: endoplasmic
reticulum.
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chronic dry mouth™, indicating that acetylcholine-
mAChR plays a major role in saliva secretion. In
knockout (KO) mouse study, both M1/M3 mAChRs
single and double KO mice presented reduced
saliva flow against muscarinic agonist pilocarpine
treatment™. The expression profile of mAChRs
subtypes is varied from the type of salivary
glands: M1 and M3 mAChRs are expressed in the
sublingual and submandibular glands, and M3
mAChRs is predominant in the parotid glands™.
Our group previously reported the mAChR-related
mechanism underlying reduced salivation in
Sjogren syndrome (SS). Functional autoantibodies
in serum of SS patients induced the internalization
of M3 mAChR in salivary gland acinar cells, which
could be important factor of hyposalivation™.

Whole saliva secretion requires water transport
to ductal space by osmotic pressure as well as
transport of other salivary components. During
salivation, the osmotic gradient is generated by
ionic transport through Ca*"-activated CI” cha-
nnels (CACCs)”. The intracellular Ca* is a critical
second messenger for the ion channel activation,
and mAChR mediate this process by transmitting
signaling pathways that induce intracellular
Ca” mobilization. mAChR activation mediates
phospholipase C pathway that increase Ins(1,4,5)P;
production, resulting in Ca* mobilization from
ER storage. InsP;R-mediated Ca™ efflux promotes
the opening of CACCs, leading the efflux of
chloride ions toward ductal space, and subsequent
generation of an electrochemical gradient across the
apical border of acinar cells. This spatially different
ionic concentration triggers osmotic pressure that
triggers water transport toward intercalated ductal
space™”.

The functional expression of RyRs have been
also reported in diverse salivary gland cells™”,
but the exact role of the channel in saliva secretion
is still poorly understood. We recently reported
CICR response mediated by RyR in salivary
gland acinar cells. In this study, we provide the

expression profile of transient receptor potential
(TRP) channel families in submandibular gland
acinar cells, and demonstrated that Ca** influx via
TRPMY7 (melastatin) channel is amplified by RyR
activation™. It was also reported that TRP channel
activities are also related to CACC conductance™.
These evidences suggest that TRP channel-mediated
RyR response could be a functional component in
saliva secretion through mobilizing internal Ca**

stores.

The Pattern of Calcium Release Including
Calcium Oscillation

In cytoplasmic area, Ca* signals are sophistica-
tedly regulated by diverse Ca** binding proteins,
Ca” pumps, and intracellular orgarnelles with high
spatiotemporal resolution. When the intracellular
Ca™ level locally increased with diverse extents,
these regulators, so-called Ca** “buffers,” spatio-
temporally restrict the evoked diffusing calcium
ions, resulting in the characteristic patterns of Ca™
signals'”. In this review, we will focus on the Ca**
patterns arose from intracellular stores.

The spatial pattern of Ca®* signals is initially
determined by the type and number of involved
channels. According to levels of stimulation, the
number of InsP;R and RyR can be varied from a
single channel to single or multiple clusters of the
channels (also called Ca** release unit [CRU])™.
In high level of excitation degree, the clusters
propagate the Ca* signals to adjacent units through
CICR process™. There is distinct hierarchical
terminology to refer the Ca” patterns induced by
different Ca®* channels. Ca® release from single
InsP;R channel is recorded as Ca* “blips.” This
single channel event can be expanded to locally-
concentrated adjacent channels, inducing more
broad and sustained, but localized Ca** signals (Ca*
puffs). RyR has different terms for describing the
extent of signals, Ca™ quarks (embers) and sparks,
which is released from a single channel and a single
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CRU, respectively™. The autocatalytic process of
CICR enables the amplification of the Ca”" signals
between CRUs, inducing the broad Ca** signal

2+ wu

occupying whole cell area, called Ca™ “waves.”
The Ca® waves can travel across the individual
cells through intercellular proteins such as gap
junction”.

While a certain Ca* signal evoked, diverse intra-
cellular mechanisms simultaneously operate to
decrease the Ca** levels. Such balance between
Ca® increase and decrease is essential for cellular
homeostasis by preventing excessive Ca™" increase.
When a Ca* signal is induced by moderate stimula-
tion within a physiological level, such reciprocal
checks and balances can establish a characteristic
regenerative Ca’* efflux, called Ca*" oscillation™.
To understand the mechanism underlying the
oscillative Ca* signals, a number of computational
models and in vitro Ca® recordings have been
tried in diverse biological contexts. Although there
are remaining questions, these efforts have led
to a general consensus that InsP;R is a dominant
regulator of the Ca”" oscillation. The regulatory
mechanism of InsP;R in this event is mainly due
to the biphasic property of the channel upon the
cytoplasmic Ca’" levels. Like Ins(1,4,5)P,, moderate
Ca’' increase is known to activate InsP;R, and
the positive feedback of Ca™ itself is generally
accepted as a key mechanism in generating Ca**
oscillations™*”. However, excessive increase of
cytosolic Ca® (above 10 to 10” M) inhibits further
Ca’ release from InsP,R and RyR channels*".
Based on these properties, it assumed that distinct
allosteric binding sites of Ca”* for activation and
deactivation are existed in each subunit of InsP;R,
with different binding affinities™. In addition to
this self-limiting process, the increased Ca™ is addi-
tionally pumped out by SERCA and of plasma
membrane Ca*’-ATPase, which mobilize the
cytoplasmic Ca® to ER and extracellular space,
respectively. If the excitable signaling input was
sustained, these biphasic processes eventually
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present the Ca™* patterns of periodic discharges and
entry™.

The chemical information of oscillative Ca*
signals is translated into versatile cellular functions
through decoding process. The Ca** decoder (e.g.,
calmodulin) make changes of the protein structures
or amino acid residues upon Ca”*" binding on
their binding sites, and then transmit the signals

) To date, a number of

to downstream effectors
biological functions induced by Ca** oscillation
have been reported, such as fertilization, neurite
outgrowth, and interleukin production*". In
exocrine system, the effect of Ca** oscillation is well
known to promote insulin secretion from pancreatic
acinar cells**”. The oscillative Ca®* pattern was
also reported in rat parotid acinar cells, which is
generated by treatment with muscarinic agonist
carbachol”. However, there is a lack of evidence
for the relationship between Ca** oscillation and
saliva secretion. Previous report that InsP;R2 and
3 is essential for inducing pilocarpine-induced
salivation® supports the hypothesis of the role of
Ca”™ oscillation in saliva secretion.

Experimental Detection of Ca** Oscillation
in Salivary Gland Cells and Future
Perspectives

Based on the previous report”, our group also
demonstrated the oscillative patterns of Ca*" in
human submandibular gland (HSG) cells under a
specific experimental condition.

As shown in Fig. 2, the cells stimulated by car-
bachol under extracellular calcium-free condition
showed a robust Ca* oscillation than that under
1 mM Ca’ bath solution. The result demonstrates
that the continuous Ca” influx contribute to the
sustained calcium plateau, but the mechanism of
oscillation under Ca”" free solution needs to be
further investigated.

In Fig. 3, effects of 2-APB (Ins(1,4,5)P;-sensitive
calcium store blocker, dotted grey line) and 8-Br-
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Fig. 2. Ca’" oscillation evoked by carbachol in Ca’*-free and
Ca’*-containing (1 mM) solution in human submandibular gland
cell line. CCh: carbachol.

cADPR (ryanodine-sensitive calcium store blocker,
grey line) on the Ca®* release from HSG cells’
intracellular Ca™ store via carbachol stimulation of
muscarinic receptor were observed. As shown in
the results 8-Br-cADPR suppressed Ca*" response
only by 35%+8.3% (n=29) but 2-APB suppressed
it by 72.2%+8.6% (n=26). It is of note that pattern
of Ca™ oscillation via carbachol stimulation under
Ca”'-free solution was much more augmented when
treated with 8-Br-cADPR, while Ca** oscillation
hardly observed when treated with 2-APB (Fig. 3).
Therefore the result suggests that intracellular Ca**
release and Ca™ oscillation triggered by muscarinic
receptor stimulation mainly affected by Ins(1,4,5)P:-
sensitive calcium store rather than RyR.

As discussed in this review, intracellular Ca** has
versatile roles in salivary secretion. Ca® acts as a
critical second messenger for channel activation,
protein translocation, and volume regulation, which
are essential events for achieving the secretory
process. The future researches will focus on the
spatiotemporal role of intra- and extracellular Ca™*
in regulating salivary secretion by using state-
of-the-art experimental techniques. In particular,
further investigations are required to understand
the generating mechanism and physiological role of
Ca”™ oscillations in salivary glands.

100 uM CCh

0.1 unit

1 min

2+ .
—— Ca’ free solution
—— 8-bromo-cADPR in Ca”" free solution
--------- 2-ABP in Ca”" free solution

Fig. 3. Ca’* oscillation evoked by carbachol in Ca**-free bath
solution in presence of 2-APB (Ins(1,4,5)P;-sensitive calcium
store blocker, dotted grey line), 8-Br-cADPR (ryanodine-sensitive
calcium store blocker, grey line), and control group (black). Human
submandibular gland (HSG) cells were pretreated with either 2-APB
(100 puM) or 8-Br-cADPR (10 pM) for 5 minutes, then carbachol was
treated on both groups for 2 minutes. CCh: carbachol.

Conflict of Interest

No potential conflict of interest relevant to this
article was reported.

Acknowledgement

This work was supported by a National Research
Foundation of Korea grant through the Oromaxi-
llofacial Dysfunction Research Center for the
Elderly (No. 2016-929358) at Seoul National Uni-
versity in Korea.

References

1. Narhi TO, Meurman JH, Ainamo A. Xerostomia
and hyposalivation: causes, consequences and
treatment in the elderly. Drugs Aging. 1999; 15:
103-16.

2. Petersen OH. Stimulus-secretion coupling:
cytoplasmic calcium signals and the control of ion
channels in exocrine acinar cells. ] Physiol. 1992;
448: 1-51.

J Korean Dent Sci 2017;10(2):45-52



3. Park KP, Beck ]S, Douglas IJ, Brown PD. Ca(2+)-
activated K+ channels are involved in regulatory
volume decrease in acinar cells isolated from the
rat lacrimal gland. ] Membr Biol. 1994; 141: 193-201.

4. Catalan MA, Pefia-Munzenmayer G, Melvin JE.
Ca2+-dependent K+ channels in exocrine salivary
glands. Cell Calcium. 2014; 55: 362-8.

5.Cho SM, Piao ZG, Kim YB, Kim ]S, Park K.
Characterization of intermediate conductance K+
channels in submandibular gland acinar cells.
Korean J Physiol Pharmacol. 2002; 6: 305-9.

6. Park K, Case RM, Brown PD. Identification and
regulation of K+ and Cl- channels in human parotid
acinar cells. Arch Oral Biol. 2001; 46: 801-10.

7. Park K, Majid A. Expression of volume-activated
anion channels in exocrine acinar cells. ] Korean
Med Sci. 2000; 15 Suppl: S61-2.

8. Majid A, Brown PD, Best L, Park K. Expression
of volume-sensitive CI(-) channels and CIC-3 in
acinar cells isolated from the rat lacrimal gland and
submandibular salivary gland. ] Physiol. 2001; 534:
409-21.

9. Park K, Brown PD. Intracellular pH modulates the
activity of chloride channels in isolated lacrimal
gland acinar cells. Am ] Physiol. 1995; 268: C647-50.

10.Li J, Lee S, Choi SY, Lee SJ, Oh SB, Lee JH,
Chung SC, Kim JS, Lee JH, Park K. Effects of
pilocarpine on the secretory acinar cells in human
submandibular glands. Life Sci. 2006; 79: 2441-7.

11. Lee K, Choi S, Choi LM, Lee J, Kim JH, Chung
G, Lee G, Choi SY, Park K. Desipramine inhibits
salivary Ca(2+) signaling and aquaporin trans-
location. Oral Dis. 2015; 21: 530-5.

12. Park K, Lee S, Elliott AC, Kim JS, Lee JH. Swelling-
induced Ca2+ release from intracellular calcium
stores in rat submandibular gland acinar cells. J
Membr Biol. 2002; 186: 165-76.

13. Verkhratsky A. Physiology and pathophysiology
of the calcium store in the endoplasmic reticulum
of neurons. Physiol Rev. 2005; 85: 201-79.

14. Berridge MJ. Inositol trisphosphate and calcium
signalling. Nature. 1993; 361: 315-25.

15. Clapham DE. Calcium signaling. Cell. 2007; 131:

Jin Man Kim, et al: Calcium Signaling in Salivary Secretion

1047-58.

16. Berridge MJ, Lipp P, Bootman MD. The versatility
and universality of calcium signalling. Nat Rev
Mol Cell Biol. 2000; 1: 11-21.

17. Putney JW Jr. Capacitative calcium entry: sensing
the calcium stores. ] Cell Biol. 2005; 169: 381-2.

18. Collin T, Marty A, Llano I. Presynaptic calcium
stores and synaptic transmission. Curr Opin
Neurobiol. 2005; 15: 275-81.

19. Rose CR, Konnerth A. Stores not just for storage.
intracellular calcium release and synaptic plasticity.
Neuron. 2001; 31: 519-22.

20. Endo M. Calcium-induced calcium release in
skeletal muscle. Physiol Rev. 2009; 89: 1153-76.

21. Tse FW, Tse A, Hille B, Horstmann H, Almers W.
Local Ca2+ release from internal stores controls
exocytosis in pituitary gonadotrophs. Neuron.
1997;18: 121-32.

22. Case RM, Clausen T. The relationship between
calcium exchange and enzyme secretion in the
isolated rat pancreas. ] Physiol. 1973; 235: 75-102.

23.Eglen RM, Choppin A, Dillon MP, Hegde S.
Muscarinic receptor ligands and their therapeutic
potential. Curr Opin Chem Biol. 1999; 3: 426-32.

24. Gautam D, Heard TS, Cui Y, Miller G, Bloodworth
L, Wess J. Cholinergic stimulation of salivary
secretion studied with M1 and M3 muscarinic
receptor single- and double-knockout mice. Mol
Pharmacol. 2004; 66: 260-7.

25. Abrams P, Andersson KE, Buccafusco JJ, Chapple
C, de Groat WC, Fryer AD, Kay G, Laties A,
Nathanson NM, Pasricha PJ, Wein AJ. Muscarinic
receptors: their distribution and function in body
systems, and the implications for treating overactive
bladder. Br ] Pharmacol. 2006; 148: 565-78.

26.Kim N, Shin Y, Choi S, Namkoong E, Kim M,
Lee ], Song Y, Park K. Effect of antimuscarinic
autoantibodies in primary Sjogren's syndrome. ]
Dent Res. 2015; 94: 722-8.

27.Yang YD, Cho H, Koo JY, Tak MH, Cho Y, Shim
WS, Park SP, Lee ], Lee B, Kim BM, Raouf R, Shin
YK, Oh U. TMEM16A confers receptor-activated
calcium-dependent chloride conductance. Nature.

J Korean Dent Sci 2017;10(2):45-52

51



52

Jin Man Kim, et al: Calcium Signaling in Salivary Secretion

2008; 455: 1210-5.

28. Melvin JE, Yule D, Shuttleworth T, Begenisich T.
Regulation of fluid and electrolyte secretion in
salivary gland acinar cells. Annu Rev Physiol. 2005;
67: 445-69.

29.Shin YH, Kim JM, Park K. The effect of capsaicin
on salivary gland dysfunction. Molecules. 2016; 21.
doi: 10.3390/molecules21070835.

30. Lee MG, Xu X, Zeng W, Diaz J, Wojcikiewicz RJ,
Kuo TH, Wuytack F, Racymaekers L, Muallem
S. Polarized expression of Ca2+ channels in
pancreatic and salivary gland cells. Correlation
with initiation and propagation of [Ca2+]i waves. |
Biol Chem. 1997; 272: 15765-70.

31.Zhang X, Wen J, Bidasee KR, Besch HR Jr,
Wojcikiewicz R], Lee B, Rubin RP. Ryanodine and
inositol trisphosphate receptors are differentially
distributed and expressed in rat parotid gland.
Biochem J. 1999; 340: 519-27.

32. Kim JM, Choi S, Park K. TRPMY7 is involved in
volume regulation in salivary glands. ] Dent Res.
2017; 96: 1044-50.

33. Takayama Y, Shibasaki K, Suzuki Y, Yamanaka
A, Tominaga M. Modulation of water efflux
through functional interaction between TRPV4 and
TMEM16A /anoctamin 1. FASEB J. 2014; 28: 2238-48.

34. Franzini-Armstrong C, Protasi F, Ramesh V. Shape,
size, and distribution of Ca(2+) release units and
couplons in skeletal and cardiac muscles. Biophys J.
1999; 77: 1528-39.

35. Parkash J, Asotra K. Calcium oscillations and
waves in cells. Adv Exp Med Biol. 2012; 740: 521-9.

36. Cheng H, Lederer W]. Calcium sparks. Physiol
Rev. 2008; 88: 1491-545.

37.Newman EA, Zahs KR. Calcium waves in retinal
glial cells. Science. 1997; 275: 844-7.

38. Dupont G, Combettes L, Bird GS, Putney JW.
Calcium oscillations. Cold Spring Harb Perspect
Biol. 2011; 3. doi: 10.1101/ cshperspect.a004226.

39. Endo M, Tanaka M, Ogawa Y. Calcium induced
release of calcium from the sarcoplasmic reticulum of
skinned skeletal muscle fibres. Nature. 1970; 228: 34-6.

40. Berridge M]J, Bootman MD, Roderick HL.
Calcium signalling: dynamics, homeostasis and
remodelling. Nat Rev Mol Cell Biol. 2003; 4: 517-29.

41. Uhlén P, Fritz N. Biochemistry of calcium
oscillations. Biochem Biophys Res Commun. 2010;
396: 28-32.

42. Campbell K, Swann K. Ca2+ oscillations stimulate
an ATP increase during fertilization of mouse eggs.
Dev Biol. 2006; 298: 225-33.

43. Estrada M, Uhlen P, Ehrlich BE. Ca2+ oscillations
induced by testosterone enhance neurite
outgrowth. J Cell Sci. 2006; 119: 733-43.

44. Hanley PJ, Musset B, Renigunta V, Limberg SH,
Dalpke AH, Sus R, Heeg KM, Preisig-Miiller R,
Daut J. Extracellular ATP induces oscillations of
intracellular Ca2+ and membrane potential and
promotes transcription of IL-6 in macrophages.
Proc Natl Acad Sci U S A. 2004; 101: 9479-84.

45. Berggren PO, Yang SN, Murakami M, Efanov
AM, Uhles S, Kohler M, Moede T, Fernstrom A,
Appelskog 1B, Aspinwall CA, Zaitsev SV, Larsson
O, de Vargas LM, Fecher-Trost C, Weissgerber P,
Ludwig A, Leibiger B, Juntti-Berggren L, Barker
CJ, Gromada J, Freichel M, Leibiger 1B, Flockerzi V.
Removal of Ca2+ channel beta3 subunit enhances
Ca2+ oscillation frequency and insulin exocytosis.
Cell. 2004; 119: 273-84.

46. Dyachok O, Idevall-Hagren O, Sagetorp J, Tian
G, Wuttke A, Arrieumerlou C, Akusjéarvi G, Gylfe
E, Tengholm A. Glucose-induced cyclic AMP
oscillations regulate pulsatile insulin secretion. Cell
Metab. 2008; 8: 26-37.

47. Gray PT. Oscillations of free cytosolic calcium
evoked by cholinergic and catecholaminergic
agonists in rat parotid acinar cells. ] Physiol. 1988;
406: 35-53.

48. Futatsugi A, Nakamura T, Yamada MK, Ebisui E,
Nakamura K, Uchida K, Kitaguchi T, Takahashi-
Iwanaga H, Noda T, Aruga J, Mikoshiba K. IP3
receptor types 2 and 3 mediate exocrine secretion
underlying energy metabolism. Science. 2005; 309:
2232-4.

J Korean Dent Sci 2017;10(2):45-52



