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Abstract

The regulation of calcium signal and ion channels in
salivary gland

Jisoo Lee

Program in Dental Medicine and Life Science
Department of Dental Medicine and Life Science
The Graduate School of Seoul National University

The regulation of saliva secretion is essential for daily life and the main function of
the exocrine salivary gland. The salivation is well known to be regulated via
muscarinic receptor dependent calcium signaling and flow of chloride ions through
the channel as a driving force. In addition, this regulation is responding to the
neuronal stimulation, has a similarity to neurons in that it communicates closely
with other neurons. Recent studies have suggested that candidate ion channels are
related to saliva secretion. However, the expression and function of ion channels on
fluid secretion in salivary gland are not well established. This study revealed that
calcium (Ca?*)-activated ion channels expression and contribution to fluid secretion
in salivary gland.

First, certain members of Anoctamin (Ano) family have identified that express to
secret fluid in salivary gland and contribute to chloride transport by functioning
Ca*"-activated chloride channels. Using single-cell RT-PCR technique, the Ano
isoforms and the major splice-forms in individual acinar or ductal of mouse
submandibular gland (SMG) cells were analyzed. Interestingly, Anol was
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expressed only acinar cell not ductal cell. In the screen of Agp-5 positive cells for
the Anol splice variant expression, most cells expressed ‘ac’ splice form.

Next, the effects of lipid raft microdomains disruption on mouse SMG cells were
investigated. Lipid raft microdomains are important for the localization of ion
channels in plasma membrane, but it is not well understood whether it affects all
membrane events or only specific functions in muscarinic receptor-mediated water
secretion in salivary gland cells. It found that incubation with methyl-B-
cyclodextrin (MBCD), which depletes lipid raft microdomains, inhibited
muscarinic receptor-mediated Ca?* signaling in isolated mouse SMG acinar cells.
However, MBCD did not inhibit a Ca?" increase induced by thapsigargin, which
activates store-operated Ca?* entry (SOCE). Interestingly, MBCD increased the
activity of the large-conductance Ca?*-activated K+ channel (BK channel). Also,
MPBCD did not directly affect the translocation of AQPS into the plasma membrane.
Finally, the role of NEGRL1 in the salivary glands was studied, which is known to
be important for receptor signaling in neurons. Recent transcriptomic studies have
revealed that some of the proteins controlling the neuronal functions are also
expressed in the salivary glands. However, it is not known how these neuro-
exocrine common factors control the physiological functions of the salivary glands.
Negrl gene was expressed not only in the brain (i.e. cerebral cortex and
hippocampus) but also expressed in the salivary glands. The salivary gland
morphology of Negrl KO mice was the same as normal. In Negrl KO mice SMG
cells, the carbachol-or thapsigargin-induced intracellular Ca®** increases were
decreased. Interestingly in Negrl KO mice, the BK channel activity increased. In

addition, the surface expression of AQP5 was significantly reduced in Negrl KO
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mice SMG cells.

These results indicate that multiple anoctamin isoforms are coexpressed in mouse
SMG acinar cells, especially Anol ‘ac’ splice variant, consistent with its
involvement in salivary exocrine fluid secretion and potentially, a diversity of
splice-form specific roles. And lipid raft microdomains maintain muscarinic Ca?*
signaling at the receptor level without directly affecting the activation of SOCE
induced by intracellular Ca?* pool depletion or the translocation of AQP5 into the
plasma membrane. Also, NEGRL1 acts as a regulator of salivation participate in
intracellular Ca?* signaling through muscarinic receptors and influences the

translocation of AQP5.

Keyword : salivation, ion channels, calcium ion, lipid raft microdomain.
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General introduction

1. Salivation

Salivary secretion is a major function of the salivary gland (Pedersen, Sorensen
et al. 2018). Salivary glands are divided into major and minor glands by structure
and function. Major three salivary glands, which produced 90% saliva of the total,
are parotid, submandibular and sublingual glands. The biggest gland is the parotid
gland in humans and the submandibular gland in mice (Jensen and Vissink 2014).
The functions of saliva are maintenance oral health, buffering, depletion of oral
microorganisms, swallowing, taste, digestion (Ngamchuea, Chaisiwamongkhol et
al. 2018). It is crucial to regulate the normal level of saliva. Hypofunction of

salivary gland induce dry mouth, it has problems of daily life.

1-1. Neuronal regulation

There is neuronal regulation in salivary secretion (Melvin 1999, Bhattarai,
Junjappa et al. 2018). Acetylcholine secreted parasympathetic nerve activate
muscarinic M1 and M3 receptor and increase intracellular calcium in salivary
acinar and ductal cells. Nitric oxide in parasympathetic nerve regulated cAMP-
mediated protein secretion in acinar cells. The sympathetic nerve activates f-
adrenergic receptor in acinar cells and increases cyclic AMP (Proctor 2016), which
is contributed to secret proteins like Amylase. Moreover, salivation is regulated by
endocrine and paracrine (Bhattarai, Junjappa et al. 2018). Endocrine disorders like
obesity affect salivary function (Modeer, Blomberg et al. 2010). In childhood
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obesity, salivary stimulation is decreased. Paracrine neurotransmitter and
neuropeptide are related in ion channel and G-protein coupled receptor (GPCR).
For example, ATP increases intracellular calcium rapidly in the acinar cell,
functions as neurotransmitters. Substance P, as one of the neuropeptides, is

localized in the submandibular and parotid gland and induced salivary secretion.

1-2. Calcium signal of salivation mechanism in cells

Salivary gland cells are divided into two groups, acinar and ductal cells, and
have cell polarity of apical and basolateral sides. Primary saliva fluid is produced
in acinar cells and the fluid is modified through ductal cells (Concepcion and Feske
2017). In primary fluid secretion of the acinar cells, calcium ion is an important
signaling molecule (Ambudkar 2014). There were two pathways to increase
intracellular calcium. One is calcium release of endoplasmic reticulum (ER), which
is the result from GPCR activation. Acetylcholine activates muscarinic receptor in
the basolateral membrane, it produces inositol 1,4,5-triphosphate (IPs) by
phospholipase C (PLC). IP3 binds its receptor in ER, it induces calcium release to
cytosol. Another is the influx of extracellular calcium through SOCE (Ambudkar
2016). This store means ER, depletion of ER induced SOCE. SOCE is mediated by
a series of factors, including stromal interaction molecule-1 (STIM1), TRPC1 and
Orail (Ambudkar, de Souza et al. 2017). STIM1-dependent Orail and TRPC1 were
found to be required for initiating SOCE. STIM1 as an ER Ca?" sensor activates the
calcium-selective Orai channels and calcium-permeable non-selective cation TRPC
channel to regulate intracellular calcium (Bhattarai, Junjappa et al. 2018). Increase

intracellular calcium as a signal activates ion channels (Catalan, Nakamoto et al.
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2009). First, it activates Ca*"-activated potassium channel and the cell is
hyperpolarized by potassium ions efflux. At the same time, Ca?*-activated chloride
channel in the apical cell membrane is activated, induced chloride flow to the
lumen is the driving force to fluid secretion. The accumulated chloride
concentration in the lumen induced paracellular flow of sodium ion into the lumen,
and then this osmotic change of internal and outer cell produced water flow to the
lumen paracellularly and through AQP5 water transporter of the apical membrane.
The ion concentration of isotonic saliva made in the acinar cells is changed through
the process of sodium and chloride reabsorption and bicarbonate and potassium

addition in the ductal cells.

2. lon channels

lon channels as integral transmembrane proteins diffuse ion molecules across
phospholipid bilayers. It has been well known that a key function of ion channels is
to mediate the cell interaction with its environment (Becchetti, Munaron et al.
2013). lon channels transport specific types of ions down their concentration and
electric potential gradients. Many channel proteins are usually closed, and opened
only in response to specific signals. These types of ion channels play a fundamental
role in the functioning of cells. Whereas transporters facilitate the movement of
specific small molecules or ions across cell membranes. In contrast to channel
proteins, transporters bind one or a few substrate molecules at a time and undergo a
conformational change to move molecules across the membrane while maintaining
a concentration gradient. Saliva secretion is coordinated by various ion channels

(Bhattarai, Junjappa et al. 2018). Saliva is a fluid that contained many ions, the ion

3 .,
i

-
|



concentration of saliva is different in acinar and ductal cells and is controlled by

ion channels (Stummann, Poulsen et al. 2003, Roussa 2011).

2-1. Anoctamin

While chloride ion efflux through Ca?*-activated chloride channels (CaCCs) as a
major flow in primary saliva secretion was characterized relatively early, the exact
nature of the channel remained a puzzle for a long time (Melvin 1999, Ambudkar
2014). Several proteins (CIC-3, CLCAs, and BESTROPHINs) were proposed as
molecular candidates (Duran and Hartzell 2011). But, none of these proteins have
properties that exactly fit those of CaCCs. In 2008, studies were reported
independently by 3 laboratories that the two genes (Tmem16A and Tmem16B) have
been shown definitively to encode CaCCs (Caputo, Caci et al. 2008, Schroeder,
Cheng et al. 2008, Yang, Cho et al. 2008). Tmem16A renamed as Anoctaminl
(Anol), it means anion move through protein has 8 transmembrane domains
(anion+octa=8) (Yang, Cho et al. 2008). This name is now the official and has
replaced Tmem16 in Genbank. Anol is one of the superfamily that has 10 genes
(Berg, Yang et al. 2012). The functions of anoctamins are involved in ion transport,
phospholipid scrambling, and regulation of membrane proteins (Pedemonte and
Galietta 2014, Benarroch 2017). Only ANO1 and ANO?2 revealed CaCC function,
the function of other anoctamin family members as channels is unclear. Anol
knock-down mice showed greatly decreased CaCC and salivary production (Yang,
Cho et al. 2008). In addition, reduced salivation was reported in Anol acinar cell-
specific conditional knockout mice (Catalan, Kondo et al. 2015). It suggesting that

ANOL is involved in primary saliva secretion.
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2-2. BK channel

Calcium-activated potassium ion channels have been certified their key
functions are associated with membrane potential regulation, potassium ion
movement and fluid secretion in exocrine glands (Catalan, Nakamoto et al. 2009).
Two different potassium channels have been identified in exocrine salivary glands,
one of which is a Ca?*-activated potassium channel of intermediate single channel
conductance encoded by the Kcnn4 gene, and is named IK1 or SK4. Another
potassium channel is a voltage- and Ca?*-dependent potassium channel of large
single channel conductance encoded by the Kcnmal gene, and is named BK or
maxi-K. Salivary gland fluid secretion was severely impaired in mice lacking both
IK1 and BK channels (Romanenko, Nakamoto et al. 2007). Surprisingly, potassium
ion secretion was inhibited >75% in mice lacking Kcnmal gene but was unchanged
in mice with a mutation in the IK1 channel (Nakamoto, Romanenko et al. 2008).
Further, paxilline as a specific BK channel inhibitor decreased the potassium ion
concentration in SMG saliva. The potassium ion concentration of saliva is well
proved to be flow rate dependent, the flow rate dependence of potassium ion
secretion was impaired in Kcnmal null mice. These results indicated that a critical
role for BK channels in salivation.

BK channel activity in the acinar cells is a critical Ca?* dependent process
required for fluid secretion. BK channels located at the basolateral membrane of
acinar cells are necessary to mediate potassium ion efflux and hyperpolarize the
cell membrane, thus increasing the driving force for chloride ion efflux to the

lumen.



3. Lipid raft microdomain

Lipid rafts are defined as nanodomains within the membrane lipid bilayer, that
are enriched with cholesterol, sphingolipids and gangliosides (Gueguinou,
Gambade et al. 2015). The role of lipid raft microdomain is to promote signaling
(Allen, Halverson-Tamboli et al. 2007). The signaling molecules were organized
location by lipid raft microdomain. It is well known that lipid rafts are important
for the trafficking and signaling of GPCRs (Villar, Cuevas et al. 2016). Lipid rafts
as dynamic platforms for GPCRs organize pertinent signaling molecules such as
adaptors proteins and enzymes. In addition, many ion channels are found to be
expressed in lipid rafts. They organize ion channels and their downstream
molecules to promote intracellular signaling pathways. Lipid raft microdomains
serve as a signaling platform for the organization and dynamic interaction involved
in neurotransmitter signaling (Allen, Halverson-Tamboli et al. 2007), endocytosis,
and protein trafficking. Furthermore, the lipid composition of rafts is dramatically
altered in cancer (Gueguinou, Gambade et al. 2015). It is well known that BK
channel is located in lipid raft microdomain. However, the disorder of the lipid raft
by cholesterol depletion induced abnormal BK activity. The effect of BK channel is
different by cell type (Weaver, Olsen et al. 2007, Bukiya, Vaithianathan et al. 2011,
Tajima, ltokazu et al. 2011). However, in the salivary gland, disruption of the lipid
raft to affect BK channel activity is not known. Therefore, the specific localization
and regulation of GPCR and BK channels in lipid raft microdomains need to be

addressed in salivary gland cells.



4. Purpose of this study

Regulation of salvation is critical in oral health, it requires the coordinated
activity of multiple ion channels and receptors. Recent studies revealed that a better
understanding of the saliva secretion process, due to molecular cloning and gene
knock-out technique of many proteins involved in fluid secretion. However, their
exact contribution of calcium signal and ion channels to salivary secretion has not
been directly demonstrated.

The main purpose of this study is to investigate the molecular mechanisms in
salivation. To achieve this goal, the spectrum of anoctamin isoform expression in
single acinar or ductal cells of mouse SMG was examined using single-cell RT-
PCR technique. Next, it was elucidated that the involvement of lipid raft
microdomain in mouse SMG cells. Finally, it suggested a regulate factor protein

involved in salivation to control Ca?* signal and diverse ion channel components.
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Chapter 1.
Ca®*-activated chloride channels expression in mouse

submandibular gland (SMG) cells



Introduction

Chloride ions transport into the lumen of salivary acinus is rate-limiting in salivary
exocrine fluid secretion. Several channels have been reported as a candidate for the
calcium-activated chloride channel in the salivary gland: ligand-gated anion
channels, CFTR, CICs, BESTROPHINs, and ANOCTAMINs (Duran and Hartzell
2011, Bhattarai, Junjappa et al. 2018). BESTROPHINs and CFTR are chloride
channels and transporter, respectively. Members of ANO family of proteins
function as CaCCs that likely mediates this chloride flux in mouse salivary acinar
cells (Yang, Cho et al. 2008). It was proved that Ca?*-dependent salivation was
decreased greatly in acinar cell-specific Anol conditional knockout mice (Catalan,
Kondo et al. 2015). The ANO family includes 10 members (ANO1 to ANO10),
with distinct distributions in tissues (Benarroch 2017). They are highly conserved
intracellular calcium-activated proteins with multiple cellular functions. Except for
ANO1 and ANO?2, the function of other anoctamins is unclear (Berg, Yang et al.
2012).

A recent study revealed that mRNAs for multiple Anoctamin isoforms were
expressed in mouse salivary glands (Han, Kim et al. 2015), not only Anol but also
Ano6, Anol0 existed in mouse SMG. Furthermore, it has been identified 4 splice
variants for Anol, the variant with all 4 segments is designated as Anol-abcd
(Ferrera, Caputo et al. 2009). ‘a’ and ‘b’ segments are located in the N-terminus
and ‘c’ and ‘d’ segments are in the first intracellular loop. The 4 splice variants of
ANOL1 have different voltage-dependent and Ca?*-dependent gating activity (Strege,
Gibbons et al. 2017). For example, Anol with ‘c’ segment was changed chloride

currents at low intracellular calcium concentration.
10



To better identify the role of anoctamin proteins in salivary gland function, it is
pivotal to demonstrate which of the anoctamin isoforms is present in the tissue.
Using the single-cell RT-PCR technique, it analyzed the anoctamin isoforms and

the major splice-forms in individual acinar or ductal cells of mouse SMG.
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Materials and Methods

SMG single-cell preparation

SMGs freshly isolated from 12 weeks old C57BL/6 male mouse. SMGs were
finely minced in phosphate buffered saline (PBS) supplemented with 10 mM
sodium pyruvate (Bionics, Korea), a 0.02% trypsin inhibitor (Bionics, Korea), and
0.1% bovine serum albumin (BSA, Gibco, USA) for 10 min on ice. The cells are
transferred in 50 mL Glass Spinner Flask with Double Sidearms (Wheaton, USA)
and digested in the same solution containing 0.05 mg/ml collagenase P (0.04
mg/ml, Roche, Switzerland) at 37°C for 30 min with oxygen and continuous gentle
stirring. The cells were dispersed by trituration through a heat-polished pasteur
pipette 10 times every 10 min using decreasing pore sizes (L-M-S). The cell was
collected in a 50 ml conical tube (196x g for 50 sec) and washed twice with PBS or
serum-free DMEM media. The resuspended cells in serum-free media are filtered
through 70 pm cell strainer (BD falcon, USA). 2~4 drops of cells are seeded onto

Poly-D-Lysine (Cultrex, USA)-coated 35 mm dish for single-cell picking.

Single-cell pick and cDNA synthesis

The majority of cells were typically picked after overnight incubation at 37°C. The
dish is washed twice with Diethylpyrocarbonate (DEPC)-PBS and single cells are
picked using patch clamping technique. A picked single cell is collected in a PCR
tube with 7.2 uL RT Mix1 solution on ice. RT Mix1 solution is contained DEPC-
water, Rnase inhibitor (20 units, Enzynomics, Korea) and the specific reverse
primers mixture (10 pmole each). These PCR tubes containing single cell are stored
at -70°C freezer. When complementary DNA (cDNA) synthesis reaction, the frozen

12
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cells in PCR tubes are vortex and spin down and 70°C incubation for 5 min. Then
the tubes are transferred on ice and added 4.8 uLL RT Mix2 solution. The RT Mix2
solution is contained M-MLV reverse transcriptase (200 units, Promega, USA), 50
mM Tris-HCI (pH 8.3), 75 mM KCI, 3 mM MgCl,, 10 mM dithiothreitol, 25 mM
dNTPs and RNase inhibitor (40 units, Enzynomics, Korea). After the solution in
PCR tubes is mixed and spin down, the cDNA synthesis cycle goes on 42°C for 1

hr, 70°C for 10 min. The cDNA was stored at -20°C until use.

Polymerase chain reaction (PCR)

PCR was performed using Ex Taq polymerase (0.5 Units, Takara, Japan), 1 pl of
cDNA template from RT reaction, forward and reverse primers each at 0.8 uM,
dNTP each at 4 mM in 20 pl reaction. The protocol consisted of incubation at 95°C
for 2 min followed by 40-45 cycles of 95°C for 10 sec, 54.5°C for 10 sec, 72°C for
35 sec and extended at 72°C for 5 min in Biorad thermocycler (USA). All of the
amplified reaction was electrophoresed on a 1.5% agarose gel. Information of

specific PCR primers designed as shown in Tablel.
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Table 1: Oligonucleotide primers used in single cell RT-PCR

= ) product
Target R Primer sequence 5'-3' length
(bp)
_ F CCATTCTGCAGATCTCCATAG
AQUaporin-5 o GTGTGACCGACAAGCCAATG 330
- F ACCCAGATGAGCTCCAGTGT
Kallikrein-1 - o 5CACATTGGGTTTACCGCAA 219
_ F GCCAGAGTCTTAGAGAAGTCACTG
Anoctaminl o AAGAGCGGAAGATGTACACGTAG 481
_ F CTCCTCATGCTTCTACATCG
Anoctaminé o ATGGGCTGCAGATGGTAATC 285
_ F GATTGAGATCATGAACCGCCTCT
Anoctamin10 o ACATAGCCAAACTGCAGGAAC 395
Anolbform  F CAGGCCACAGACCACAAAGA
(Primerb+) R ACCGTATTTCCCACACTTCCG 230
Anolbform  F  CAGGCCACAGACCACAAAGA
(Primerb-) R AGGCTGGTGATACCCATGC L
Anolc,dform F GAAGCTGTCAAGGATCATCC 200 or
(Primerc+) R GATGATAACTCCGAGGACGAT 270 (d )
Anolc.dform F CGAGGAGGAGGAGGATCAT 271 or
(Primerc-) R GATGATAACTCCGAGGACGAT 199 (d -)

14



Result

Differences of Anol or Ano6, or Anol10 expression in acinar and ductal cells

Anoctamin 1, 6, and 10 isoforms are abundant in mouse SMG. Single-cell PCR
technique resulted in the overall success rate of 73.5% (n=260). Approximately,
60% of acinar cells expressed one of Anol, Ano6 and Anol0, compared to ductal
cells that expressed no Anol, and lower percentages of Ano6 (22%) and Anol0
(20%). Cells that did not amplify acinar cell marker (Agp5) or ductal cell marker
(KIk1) was 11%. The false-positive rate was assumed to be 0% for Anol, 8% for
Ano6, and 1% for Anol0. There are differences in Ano transcript expression in
acinar and ductal cell types. In acinar cells, there were approximately 60% of cells
expressing Anol or Ano6, or Anol0, and approximately 40% of cells that did not
express any Ano transcripts. The proportion of cells expressing Ano transcripts
were reversed in ductal cells. Anol expression and its combination with Ano6 and
Anol0 transcripts occurred more frequently in acinar cells. Only individual or
combinations of Ano6 and AnolO transcripts were expressed in ductal marker
positive cells. Both Ano6 and Ano10 transcripts expression correlated with ductal

marker expression and Anol expression correlated with acinar marker expression.

Single-cell splice variant form analysis of Anol in SMG acinar cell

In a 48-cell screen of Agp5 positive cells for the Anol splice variant expression,

there were 37 cells were positive for Anol expression and 11 cells were negative.

Among Anol expressing cells, 17 cells expressed ‘ac’ form of Anol, 2 cells

expressed ‘abe’ variant form, there were no cells with Anol that included ‘d’ splice

variant, and 18 cells in which the ‘b’ or ‘c’ splice forms were uncertain. Most of
15
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Anol splice forms in SMG acinar cells are the variant lacking segments ‘b’ and ‘d’.
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Figure 1-1. Anoctamins transcripts expression in mouse SMG acinar and

ductal single cells

A. Capture figure of primary single-cell collection using pulled glass pipettes
under a microscope. Arrow indicated acinar cell and arrowhead indicated
ductal cell.

B. Differences in the proportion of acinar and ductal marker expression in Anol or
Ano6, or Anol10 expressing cells. Seventy-five percent of Anol expressing cells
were also positive for Agp5*. There were no ductal marker (KIk1") positive
cells among Anol expressing cells. There were 66% of Anol0 positive cells
and 49% of Ano6 positive cells were acinar marker positive.

C. Representative gel images of single-cell RT-PCR assay. Agp5 primer set was
used as acinar cell marker and KIk1 primer set was used as a ductal cell marker.
Samples of individual single-cell RT reactions were used to amplify Aqp5,
Klk1, Anol, Ano6, Anol0 in separate PCRs. no Cell Con; negative control as
the solution without cell, M; The marker of PCR product size, PCR neg. Con;

no cDNA template as a negative control of PCR assay.
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Figure 1-2. Primer design for identifying splice variant form of Anol

A. Predicted ANO1 membrane topology and splicing sites. The schematic diagram
modified from Ferrea and colleagues’ report (Ferrera, Caputo et al. 2010). 8
putative transmembrane domains with a reentrant loop between the fifth and
the sixth domain. The diagram also shows the position and comparative size of
the four alternative segments: a, b, ¢, and d.

B. Specific primer sets were designed for identifying splice variant forms of Anol.
To detect splice ‘b’ form, two primer sets were designed and forward primer
was used commonly. If ‘b’ form exists, only PCR product amplified in the tube
containing ‘Primer b +’ set. Conversely, if there is no ‘b’ form, the band will
appear only in ‘Primer b -’ set. To identify ‘c’ and ‘d’ forms, two primers set
were designed and the reverse primer was used commonly. If ‘¢’ form exists,
only PCR product amplified in the tube containing ‘Primer ¢ +’ set and
existence of ‘d’ form is determined by product size. Conversely, if there is no
‘¢’ form, the band will appear only in ‘Primer ¢ -’ set and the existence of ‘d’

form is determined by product size.
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Figure 1-3. Splice variant (b, ¢, d form) of Anol in SMG acinar cell

A. Bar graph and hierarchy diagram of results. Numbers indicate counted cells.
(Left) The number of positive and negative cells represented by each splice
variant. (Right) ‘+” indicated positive expression and ‘-’ indicated negative
expression. The majority of Anol splice variants of the acinar cells are ‘ac’
forms.

B. Representative gel images of single-cell RT-PCR assay. Agp5 primer set was
used as an acinar cell marker. To discriminate the expression of a,b,c and d
splice forms of Anol, four primer sets were used. Aliquots of cDNAs were
used in individual PCR reactions to amplify each gene product. no Cell Con;
negative control as the solution without cell, M; The marker of PCR product

size, PCR neg. Con; no cDNA template as a negative control of PCR assay.
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Discussion

The key to the formation of primary saliva in the acinar cells is the movement of
the chloride ion. The efflux of chloride ion to the lumen is through a certain
channel, it activated intracellular calcium signal. CaCCs have important roles in
trans-epithelial ion transport, smooth muscle contraction, and control of neuronal
excitation (Pedemonte and Galietta 2014). Only ANO1 and ANO2 have known
roles as CaCCs, other anoctamins are associated with ion transport, phospholipid
scrambling, and regulation of membrane proteins (Pedemonte and Galietta 2014).
In this study, the expression of Anol, Ano6, and Anol0, which are known to be
expressed in mouse SMG, was confirmed by distinguishing acinar and ductal cells.
Single-cell RT-PCR technique is used to study the molecular identities and
mechanistic details of mRNA involved in individual cells of salivary gland.
Interestingly, it was proved that Ano6 and Anol0 were expressed more in acinar
cells than in ductal cells. These results suggest that multiple anoctamin isoforms
are co-expressed within single mouse submandibular salivary gland cells. In
addition, Anol expression appears restricted to acinar cells, especially Anol ‘ac’
splice variant, consistent with its involvement in salivary exocrine fluid secretion
and potentially, a diversity of splice-form specific roles.

It was demonstrated that it modulates voltage and calcium dependence of CaCCs,
according to the splice variant of ANO1 (Ferrera, Caputo et al. 2009). Especially, it
was certified that ‘c’ segment of ANOL1 reduces the calcium sensitivity of channel
activation and deactivation by slowing activation kinetics (Strege, Gibbons et al.
2017). Moreover, depending on the ANOL1 splice variant, the degree of inhibition

for the same blocker is different (Sung, O'Driscoll et al. 2016).
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The type of anoctamin expressed in SMG, especially acinar cells, and the correct
splice variant were identified. Through these results, it is expected that ANO1 will
be used as an acinar cell marker. Also, knowing the exact structure of ANO1

expressed in SMG will help develop target drugs.
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Chapter 2.

The Effect of Ca?* signal and Ca**-activated
potassium channels on lipid raft microdomains in

mouse SMG cells
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This chapter has been largely reproduced from an article
published by Lee, J., Kim, Y.-J., Choi, L.-M., Lee, K.,
Park, H.-K., and Choi, S.-Y. (2021) International Journal
of Molecular Science, 22(9).
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Introduction

Exocrine gland cells use GPCRs to accept extracellular signals and regulate several
cellular activities. For example, in the salivary gland, Ca?* signaling of GPCRs
induces membrane translocation of AQP5 (Tada, Sawa et al. 1999, Delporte 2014).
The GPCR activation and subsequent translocation of aquaporin require well-
organized signaling pathways that function based on environmental cues. The lipid
raft microdomain is cell membrane microdomains composed of cholesterol,
glycolipids, sphingolipids, and specific proteins that acts as the main center of
signal transmission (Sebastiao, Colino-Oliveira et al. 2013, Aureli, Grassi et al.
2015). Lipid raft microdomains play an important role in various cellular processes,
such as signal transduction, protein trafficking, exocytosis, endocytosis,
chemotaxis, and cell migration (Simons and Sampaio 2011). Particularly in cells
with apical-basolateral polarity, lipid raft microdomains have a significant impact
on physiological functions. These lipid raft microdomains also contain receptors
and ion channels (Allen, Halverson-Tamboli et al. 2007, Sebastiao, Colino-Oliveira
et al. 2013). Therefore, lipid raft microdomains regulate various functions mediated
by GPCRs, such as vasopressin receptors and muscarinic receptors.

In salivary gland cells, muscarinic receptor-mediated water movement is largely
mediated by three membrane events. The first is the activation of the muscarinic
receptor GPCR. The second is SOCE after cytosolic Ca?* pool depletion (Pani, Liu
et al. 2013, Ambudkar 2016) and subsequent activation of Ca®"-activated ion
channels controlling the membrane potential (Romanenko, Nakamoto et al. 2007).
The third is cytosolic Ca?*-dependent translocation of AQP5 (Ishikawa, Cho et al.
2006). Lipid raft microdomains are considered to modulate these steps
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significantly; however, the role of lipid raft microdomains in each step is not yet
clearly understood, even though the role of lipid raft microdomains in vasopressin
receptor-mediated AQP2 translocation in kidney has been relatively well studied.

This study sought to determine the lipid raft microdomains dependency of each
activity-dependent AQPS5 translocation step in salivary gland cells. MBCD disrupts
lipid rafts by scavenging cholesterol (Koudinov and Koudinova 2001, Allen,
Halverson-Tamboli et al. 2007). It investigated the effects of MBCD on muscarinic

M3 receptor signaling and its downstream membrane events in mouse SMG cells.
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Materials and Methods

Reagents
Carbachol, MBCD, and thapsigargin were purchased from Sigma (St. Louis, MO,
USA), and fura-2-acetoxymethyl ester (fura-2/AM) was obtained from Molecular

Probes (Eugene, OR, USA).

Primary SMG cell Preparation

Isolated mouse submandibular gland acinar cells were prepared as previously
reported (Romanenko, Nakamoto et al. 2007). Briefly, mouse SMG tissue were
surgically removed, finely minced with scissors, and digested for 5 min in 0.02%
trypsin-EDTA (GIBCO) and 0.5 mg/mL collagenase (Sigma) in DMEM. The cells
were triturated and centrifuged at 190x g for 1 min and then washed twice with
serum-free DMEM. Acinar cells were attached to poly D-lysine-coated glass

coverslips.

Cytosolic Free Ca** Measurement

The cytosolic free Ca®" concentration ([Ca%*]) was determined using the
fluorescent Ca?* indicator fura-2/AM, as previously described (Lee, Jo et al. 2017).
Briefly, cells on coverslips were mounted onto the inverted microscope (Olympus
IX70, Tokyo, Japan) and perfused continuously at 2 mL/min by a bath solution
containing 140 mM NacCl, 5 mM KCI, 1 mM MgCl,, 2 mM CaCl,, 10 mM HEPES,
and 10 mM glucose (pH 7.2). Fluorescence ratios were monitored with dual

excitation at 340 nm and 380 nm and emission at 500 nm.
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Cell Viability Assay

Cell viability was determined using the trypan blue exclusion assay. The cells were
treated with 10 mM MPBCD for 30 min, harvested, and added to 0.4% trypan blue
(Sigma). The percentage of viable (trypan blue-unstained) cells was measured by

counting the cells under the microscope.

Electrophysiological Recording
Whole-cell patch-clamp recordings were obtained using a HEKA EPC-9 amplifier

(HEKA Elektronik, Lambrecht, Germany). The patch pipettes (3—6 MS2 resistance)

were filled with 135 mM K-glutamate, 5 mM EGTA, 3 mM CaCl,, and 10 mM
HEPES, pH 7.2. The external solution contained 150 mM Na-glutamate, 5 mM K-
glutamate, 2 mM CaCl;, 2 mM MgCl,, and 10 mM HEPES, pH 7.2. The
stimulation protocol to generate current-voltage (I-V) relationships consisted of
40-ms voltage steps from —110 to +70 mV in 20-mV increments starting from a
holding potential of —60 mV. Data were acquired and analyzed using

PATCHMASTER software (HEKA Elektronik).

Analysis of AQP5 Protein Expression by Flow Cytometry

To evaluate the translocated AQP5 surface expression, we used flow cytometry in
non-permeabilized cells performed as reported previously (Wang, Wee et al. 2016).
Briefly, mice SMG single cells were obtained by mashing using a 100 yum cell
strainer, followed by washing the cell strainer twice with 5 mL of 0.5% BSA in
PBS. The cells were then centrifuged at 190 x g and washed twice with 0.5% BSA

in PBS.
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The cells were fixed with 4% formaldehyde, washed, and blocked 2% BSA in PBS.
After blocking, the cells were washed and resuspended in 100 puL Alexa Fluor 647
conjugated AQP5 antibody (Abcam, ab215225, 1:500), and incubated for 30 min at
4 °C in the dark. All of the washing steps were carried out using 1% FBS in PBS as
washing buffer, followed by centrifugation (8000 rpm, 1 min, 4 °C). The labeled
cells were kept on ice until analysis. The cell samples were then acquired on a
FACSVerse flow cytometer equipped with FACSUITE software (BD Biosciences,

San Jose, CA, USA).

Data Analysis
All quantitative data are expressed as mean + SEM. Differences were determined
by one-way analysis of variance (ANOVA) and considered significant when p <

0.05.
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Results

Depletion of cholesterol by MBCD treatment did not affect cell viability in

salivary cells.

Previous studies confirmed whether MBCD treatment depletes cholesterol in
human salivary gland (HSG) cells, treatment with 10 mM MBCD for 30 min
decreased the amount of cholesterol in HSG cells. It has revealed that 10 mM
MPBCD for 30 min is enough for cholesterol depletion in salivary cells.

Then whether this treatment has the cell toxicity was tested. Cell viability using
trypan blue assay unchanged before and after MBCD treatment in both isolated
mouse SMG cell (Figure 1A) and HSG cell line (Figure 1B). Moreover,

morphology of HSG cell with MBCD treatment was unchanged (Figure 1C).

MBCD preincubation inhibited muscarinic intracellular Ca?* increases
without any effect on thapsigargin-mediated intracellular Ca?* in SMG cells

Next, it investigated the effect of MBCD treatment on intracellular Ca®* signaling
in mouse SMG cells. A 30-min preincubation with 10 mM MBCD inhibited the
intracellular Ca?* increase triggered by carbachol (t(52) = 2.20, p < 0.05) (Figure
2B). However, MBCD incubation had no effect on the intracellular Ca®* increase
induced by thapsigargin, a sarcoplasmic reticular Ca**-ATPase (SERCA) inhibitor
(t(60) = 0.09, p = 0.93) (Figure 2D). Considering that thapsigargin depletes the
intracellular calcium pool and induces SOCE, these results indicate that
preincubation with MBCD suppresses only GPCR activation without affecting

SOCE activity.
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MPBCD preincubation increased the BK channel activity in salivary gland cells
When intracellular Ca?* is increased by GPCR activation in the salivary gland, a
series of Ca2*-activated ion channels is activated. BK channels are present in the
cholesterol-enriched lipid raft domain (Dopico, Bukiya et al. 2012). It estimated
changes in BK channel activity by cholesterol depletion in isolated mouse SMG
acinar cells using whole-cell patch clamp recording. Interestingly, preincubation of
cells with 10 mM MBCD for 30 min increased K* current (Figure 3A), which were
inhibited by the BK inhibitor paxilline (MBCD, F(1,38) = 17.99, p < 0.001;
paxilline, F(1,38) = 59.41, p < 0.001; mV, F(9,342) = 127.19, p < 0.001) (Figure
3B). These results imply that salivary BK channel activity is increased by lipid raft

disruption.

MPBCD preincubation did not directly affect AQPS5 translocation in SMG cells

Muscarinic Ca?* signaling triggers the membrane trafficking of AQP5, a water
channel protein in the salivary glands (Kim, Park et al. 2009, Lee, Gauna et al.
2013, Delporte 2014). To determine the effect of MBCD on aquaporins, it analyzed
the membrane surface expression level of AQP5 by flow cytometry experiment.
MPBCD treatment marginally decreased the carbachol-induced AQP5 translocation
(Figure 4C). Interestingly, MBCD treatment did not inhibit thapsigargin-induced
AQP5 translocation (Figure 4D). These results suggest that the MBCD-mediated
change in the salivary AQP5 translocation is mainly due to the decrease in

muscarinic receptor-induced Ca?* signaling.
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Figure 2-1. Depletion of cholesterol by MBCD treatment unchanged cell
viability and morphology in salivary cells

A and B. Cells were incubated with 10 mM MBCD for 30 min then tested for cell
viability using trypan blue assay in isolated mouse SMG cells (A) and HSG cells
line (B).

C. The cell images of HSG cells before and after MBCD treatment.
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Figure 2-2. Preincubation with MBCD inhibits carbachol-induced Ca?*

increase but not thapsigargin-induced Ca?* increase

A. Representative Ca?* imaging traces in SMG cells isolated from mice. Cells
were treated with 100 uM carbachol with (black trace) or without (gray trace)
10 mM MBCD preincubation for 30 min.

B. Quantification of F340/F380 changes shows the percentage of all cells that
responded to CCh with (black bar, n = 27 cells) or without (gray bar, n = 27
cells) 10 mM MPBCD preincubation for 30 min. Data are presented as mean +
sem. *p <0.01.

C. Representative Ca?* imaging traces in mouse SMG cells. Vehicle (black trace)
or MBCD (gray trace) preincubation cells were incubated in Ca?'-free buffer
and stimulated with 1 pM thapsigargin and then in 2.2 mM Ca?*-containing
buffer.

D. Quantification of F340/F380 changes shows the percentage of all cells that
responded to thapsigargin with (black bar, n = 32 cells) or without (gray bar, n

= 30 cells) 10 mM MBCD preincubation for 30 min.
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Figure 2-3. Preincubation with MPCD increases BK channel current in single

SMG cells

A. Typical current traces were obtained in the control cells and those preincubated
with 10 mM MBCD for 30 min. Currents were recorded immediately (15-20 s)
after achieving whole-cell mode. The pulse protocol is shown as the graph
insert.

B. Average I-V relations of current amplitudes measured at the end of 40 ms

pulses to the indicated potentials in the absence (@) or presence (A) of 10
mM MBCD. Open circle (O) and open triangle (A) plots were obtained after
addition of 1 uM paxilline, a BK channel inhibitor. Each point represents the

mean + SEM (n = 10 or 11).
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Figure 2-4. MBCD incubation does not directly affect AQP5 translocation

Representative dot plots (A and B) and histograms (C and D) from flow cytometry
analysis represent the surface expression of AQP5 in the mouse isolated SMG cell.
The cells were treated with or without 10 mM MBCD preincubation for 30 min and

then challenged with 100 uM carbachol (A and C) or 1 uM thapsigargin (B and D).
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Discussion

The physiological role of lipid rafts to optimize the functional cellular environment
by maintaining membrane protein location and proximity between key functional
players has received much scientific attention. In particular, the lipid raft mediates
the physical association of GPCRs and downstream signal transduction factors.
Thus, the lipid raft is more important in salivary cells that function based on
polarity and those that function through several membrane events compared to
their counterparts. However, the effects of the lipid raft on membrane events in
salivary glands have not yet been clearly determined.

This study aimed to understand the role of lipid rafts in salivary function.
Muscarinic M3 receptor-mediated Ca?* signaling plays an important role in AQP5
translocation in salivary gland cells (Jin, Hwang et al. 2012, Lee, Gauna et al.
2013). The muscarinic mechanism in the plasma membrane includes M3 receptor
activation, SOCE activation, and AQP5 translocation. In addition, muscarinic M1
and M3 receptors and (voltage-gated) K* channels exist in the membrane lipid raft
and functionally couple in neurons (Sebastiao, Colino-Oliveira et al. 2013) and
HEK cells (Oldfield, Hancock et al. 2009). In addition, a BK channel also exists in
the lipid raft (Weaver, Olsen et al. 2007, Riddle, Hughes et al. 2011, Tajima,
Itokazu et al. 2011). It is expected that the muscarinic receptors and BK channels
of salivary gland cells also exist in the lipid raft. These results show that MBCD-
mediated lipid raft depletion inhibited carbachol-induced intracellular Ca?* increase.
The effect of lipid raft microdomains on GPCR activation has been reported in
many cells with frequent signal transduction (e.g., neurons). These findings suggest
that lipid raft microdomains optimize GPCR signaling in salivary gland cells.
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Interestingly, the result revealed that the thapsigargin-triggered Ca?* increase was
not affected by MBCD. Thapsigargin is a SERCA inhibitor that induces Ca?* pool
depletion by inhibiting recharge of the cytosolic Ca?* pool and subsequently
induces SOCE without GPCR activation. Thus, these findings of different
inhibitory effects on carbachol and thapsigargin imply that the lipid raft inhibits
GPCR activation without affecting SOCE activity. However, there have been
several previous reports that SOCE is affected by lipid rafts (Jardin, Salido et al.
2008, Galan, Woodard et al. 2010, Dionisio, Galan et al. 2011). It is suspected this
discrepancy is due to the difference in SOCE characteristics. Despite the
commonality of the triggering mechanism (i.e., intracellular Ca?* pool depletion),
SOCE characteristics depend on cell type. SOCE is mediated by a series of factors,
including TRPC1, Orail, and STIM1 (Ambudkar, de Souza et al. 2017). A previous
study observed that thapsigargin-induced SOCE in PC12 cells is different from
those in HL-60 cells and Jurkat T cells (Lee, Kim et al. 2017). Therefore, we
concluded that lipid rafts do not affect SOCE in salivary gland cells.

It found that disruption of lipid rafts increased BK channel activity. It has
previously been shown that cholesterol modulates BK channel activity by
controlling lipid rafts (Yang, Zhang et al. 2015). The cholesterol depletion-
mediated increase in BK channel current activity has been found in IGR39 human
melanoma cells (Tajima, Itokazu et al. 2011) and rat vascular smooth muscle cells
(Bukiya, Vaithianathan et al. 2011, Riddle, Hughes et al. 2011). It has been reported
that cholesterol treatment reduces the open probability of the BK channel in rat
cerebral artery myocytes (Bukiya, Belani et al. 2011). However, it also has been

reported that the BK channel current was decreased by MBCD in D54-MG and
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U251 glioma cell lines (Weaver, Olsen et al. 2007), implying that the relationship
between lipid raft microdomains and BK channel activity depends on cell type.
Disruption of the cholesterol-enriched lipid raft structure is expected to modulate
the activity by controlling the gating of the BK channel (Dopico, Bukiya et al.
2012), but a clearer understanding of the molecular mechanism remains to be
elucidated.

Finally, it examined the effect of lipid raft depletion on AQP5 translocation to the
plasma membrane. Interestingly, MBCD did not affect carbachol- and thapsigargin-
induced AQP5 translocation. Given that MBCD did not cause a thapsigargin-
induced Ca?* increase or an increase in AQP5 translocation, these results indicate
that the lipid raft microdomain does not affect the translocation of AQP5. It has
been reported that lipid raft microdomains are involved in targeting aquaporins
(Asakura, Ueda et al. 2014), and the colocalization of the lipid raft markers flotillin
and AQP5 is increased during treatment with muscarinic receptor agonists and Ca?*
ionophores (Ishikawa, Cho et al. 2006). However, it is unclear how lipid raft
microdomains affect these sequential events in membranes (i.e., from muscarinic
receptor activation to AQP5 translocation). These results clearly show that MBCD
inhibits carbachol-induced AQP5 translocation, mainly at the receptor level.
Lipid-lowering medications prescribed for hypercholesterolemia to lower blood
cholesterol include HMG-CoA reductase inhibitors, commonly referred to as
statins (Sirtori 2014). Interestingly, it has been reported that xerostomia, along with
lichenoid and aphthae, is frequently found in patients receiving a statin prescription
(Habbab, Moles et al. 2010). In addition, when statin treatment was stopped in dry

mouth patients undergoing statin treatment, dry mouth symptoms were found to be
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relieved. Our results, elucidating the relationship between cholesterol-depletion and
salivary signaling, strongly suggest the causative mechanism of dry mouth in lipid-
lowering medications.

Taken together, we examined the effects of lipid rafts on muscarinic signaling and
found that lipid raft microdomains regulate GPCR and BK channels in the salivary
gland cells. This study will help others understand the molecular target of lipid raft
microdomain on the muscarinic signaling-mediated water secretion and will
contribute to a better understanding of the cellular and molecular mechanisms of

lipid raft microdomains in modulating exocrine functions.
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Chapter 3.
The regulation of neuro-exocrine common factors on
Ca?* signal and Ca?*-activated ion channels in mouse
SMG cells
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Introduction

The secretion function of exocrine glands is controlled finely by extracellular
signals such as nerves (Proctor and Carpenter 2007). Salivary exocrine glands are
supplied by parasympathetic nerves which release acetylcholine that binds to
muscarinic receptors. Interaction of neuron and exocrine cells is similar to
signaling in neurons, in that it composed signaling molecules secretion and its
receptor. Neurotransmitter release and receptor signal in neurons were regulated
through a variety of mechanisms by various factors. If a functional regulator in the
neuron is expressed in another cell, it is possible to control cell-to-cell
communication in the cell. For example, muscarinic receptors expressed in many
brain regions such as cerebral cortex and hippocampus regulate neuron-to-neuron
communication by acetylcholine secreted from cholinergic neuron. Similarly,
muscarinic receptors expressed also in peripheral organs such as salivary gland
mediate neuron-to-organ communication evoking parasympathetic responses.
Therefore, the factors expressed commonly in neuron and salivary glands are likely
to regulate the physiological function of salivary gland.

Recent transcriptomic studies have revealed that some of the genes controlling the
neuronal functions are also expressed in the salivary glands (Gluck, Min et al. 2016,
Gao, Oei et al. 2018, Song, Min et al. 2018, Oyelakin, Song et al. 2019, Saitou,
Gaylord et al. 2020, Sekiguchi, Martin et al. 2020). These studies contributed to
identifying the type of salivary glands (Gao et al., 2018; Saito et al., 2020), the
diversity of cells composed salivary gland (Oyelakin et al., 2019) and the
developmental mechanism of salivary gland (Gluck et al., 2016; Sekiguchi et al.,

2020; Saitou et al., 2020). Surprisingly, it demonstrated a variety of genes
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expressed in submandibular gland are also detected in neuron (Gluck, Min et al.
2016, Sekiguchi, Martin et al. 2020). However, whether the neuron-salivary
common factors regulate the function of salivary gland remains uncertain. This
study may lead to novel approaches for identifying mechanisms in salivary gland

disease.

Neuronal growth regulator 1 (NEGR1) has been associated with major depression
(Maccarrone, Ditzen et al. 2013, Tamasi, Petschner et al. 2014, Dall'Aglio, Lewis et
al. 2021), expressed high levels in brain regions such as cerebral cortex,
diencephalon, hippocampus, and cerebellum (Miyata, Matsumoto et al. 2003).
NEGRL1 as a cell-adhesion molecule is an important role in the structural formation
and development of synapse to promote synaptogenesis and dendrite formation.
Additionally, it has been shown that NEGR1 is important for regulating receptor
signaling in postsynaptic neurons and maintaining synaptic plasticity (Noh, Lee et
al. 2019, Noh, Park et al. 2020). While expression or function of NEGR1 in
salivary gland remains to be elucidated.

This study tried to elucidate salivary secretion in an animal model in which Negrl
expression was suppressed and to identify changes in secretion mechanism through
a physiological approach. It confirmed Negrl gene expressed in salivary gland is

critical to maintain muscarinic Ca?* signal and induce AQP5 translocation.
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Materials and Methods

RNA isolation and RT-PCR

Total RNA was prepared from cerebral cortex, hippocampus, stomach, and SMG of
C57BL/6 mouse and SMG of Negrl knock-out mouse. The tissues were
homogenized in Trizol reagent (Ambion, USA) and RNA was extracted according
to the manufacturer’s protocol.

Complementary DNA was reverse-transcribed (RT) from 2 pg of total RNA primed
with 10 pmole oligo-dT in 20 pl reaction containing SuperScript™ III Reverse
Transcriptase (Thermo, 18080093). PCR was performed using Solg ™ 2X Taq
PCR Smart mix 2 (SolGent, STD02-M50h), 1 ul of cDNA template from RT
reaction, forward and reverse primers each at 0.8 pM in 20 ul reaction. The
protocol consisted of incubation at 95°C for 2 min followed by 35 cycles of 95C
for 20 sec, 55°C for 40 sec, 72C for 20 sec and extended at 729C for 5 min in
SimpliAmp thermocycler (Applied biosystems, Life technologies, USA). All of the
amplified reaction was electrophoresed on a 1.5% agarose gel. Mouse Negrl-

specific PCR primers were designed as follows: 5’-gcttctgagectgtgetctt-3°

(forward) and 5’-cacttgtcacctccagcaaa-3’ (reverse).

H&E staining

Hematoxylin-eosin staining was performed as described previously (Park et al.,
2021). SMG samples were fixed in 4% paraformaldehyde overnight at 4°C and
embedded in paraffin. Tissue sections (5 pm) were deparaffinized in xylene
(DUKSAN Chemicals, UN1307) and rehydrated with ethanol (DUKSAN

Chemicals, UN1170). The samples were stained with hematoxylin (Vector Labs, H-
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3401) for 4 min and eosin (T&I, BEY-9005) for 2 min. Images from the sections
were captured by a digital upright fluorescence microscope (DP72, Olympus BX51,

Japan).

Mouse SMG cell preparation

Isolated mouse SMG cells were prepared as previously reported (Lee et al., 2021).
Briefly, mouse submandibular glands were surgically removed, finely minced with
scissors, and digested for 5 min in 0.02% trypsin-EDTA (GIBCO) and 0.5 mg/mL
collagenase (Sigma) in serum-free DMEM. The cells were dispersed by trituration
through a heat-polished pasteur pipette 10 times every 10 min using decreasing
pore sizes (L-M-S). The cells were centrifuged at 190x g for 1 min and then
washed twice with serum-free DMEM. The resuspended cells in serum-free media
are filtered through 40 um cell strainer (BD falcon, USA). The cells were attached

to poly D-lysine-coated glass coverslips or 35 mm dish.

Ca*" imaging
Ca?" imaging was performed as previously described (Lee, Jo et al. 2017). Cells
were isolated as described above and loaded with 2 uM fura-2/AM and 0.01%

pluronic F-127 (Molecular Probes) for 40 min at 37°C. The cells on coverslips

were mounted onto the inverted microscope (Olympus [X70) and perfused
continuously at 2 mL/min by bath solution containing (mM) 140 NaCl, 5 KCI, 1
MgCl,, 2 CaCly, 10 HEPES, and 10 glucose (pH 7.20). For recordings in Ca?*-free
conditions, Ca?* was replaced with equivalent concentration of EGTA. All
measurements were made at room temperature. Cells were illuminated with a 175-
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W xenon arc lamp, and excitation wavelengths (340/380 nm) were selected by a
Lambda DG-4 monochromator filter changer (Shutter Instrument). Intracellular
free calcium concentration was measured by digital video microfluorometry with
an intensified charge-coupled device (CCD) camera (CasCade; Roper Scientific)

coupled to a microscope and software (Metafluor 6; Molecular Devices).

Electrophysiology

ANOL1, BK, SOCE activities were measured in mouse salivary gland acinar cells
using whole-cell patch-clamp techniques. For measuring ANO1 channel current
(Jung et al. 2013), the patch pipette solution was contained within a solution
containing (mM) 148 N-methyl-D-glucamine-Cl (NMDG-CI), 10 EGTA, 7.4 CaCly,
3 MgATP, and 10 HEPES (pH 7.2). The external bath solution contained (mM) 146
NMDG-CI, 1 CaCl,, 1 MgCl,, 10 HEPES, and 5 glucose (pH 7.4). The stimulation
protocol to generate current-voltage relationships consisted of 500-ms voltage
steps from —100 to +100 mV in 20-mV increments, starting from a holding
potential of —60 mV. For measuring BK channel current (Lee et al. 2021), the patch
pipette solution was contained within a solution containing (mM) 135 K-glutamate,
5 EGTA, 3 CaCl,, and 10 HEPES (pH 7.2). The external bath solution contained
(mM) 150 Na-glutamate, 5 K-glutamate, 2 CaCl,, 2 MgCl;, and 10 HEPES (pH
7.2). The stimulation protocol to generate current-voltage relationships consisted of
40-ms voltage steps from —110 to +70 mV in 20-mV increments starting from a
holding potential of =70 mV. For measuring SOCE current (Sukumaran et al. 2019),
the patch pipette solution was contained within a solution containing (mM) 150

Cesium methane sulfonate, 8 NaCl, and 10 HEPES (pH 7.2). The external bath
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solution contained (mM) 145 NaCl, 5 CsCl, 1 CaCl,, 1 MgCl,, 10 HEPES, and 10
glucose (pH 7.3). With holding potential 0 mV, voltage ramps ranging from -100
mV to +100 mV and 100 milliseconds duration were delivered at 2 seconds
intervals after whole-cell configuration was formed. Whole-cell patch-clamp
recordings were obtained using a HEKA EPC-9 amplifier (HEKA Elektronik,
Lambrecht, Germany). Data were acquired and analyzed using the

PATCHMASTER software program (HEKA Elektronik).

Quantitative real-time PCR

To measure quantitative Agp5 mRNA in submandibular glands, we used previously
described methods (Lee et al. 2019) and performed using the SYBR Premix Ex Taq
(RR420A; Takara, Tokyo, Japan) and the QuantStudio™ real-time PCR detection
system (Applied Biosystems, Waltham, MA, USA). cDNAs were amplified in 20
pl PCR reactions using 1 pl of RT reaction. Reactions with appropriate melting
curve were selected for analysis and all primer sets were analyzed in triplicate. The
Gapdh mRNA level was used as an internal control to normalize the values for
transcript abundance of Agp5 genes. We performed four gRT-PCR experiments and

averaged from triplicate analysis of each experiment.

AQP5 Surface Protein Expression by Flow Cytometry

To evaluate the surface AQP5 expression, we used flow cytometry performed as
reported previously (Lee, Kim et al. 2021). Briefly, mice SMG single cells were
obtained by grinding using a 100 um cell strainer, followed by washing the cell

strainer twice with 5 mL of 0.5% bovine serum albumin (BSA) in PBS. The cells
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were then centrifuged at 190x g and washed twice with 0.5% BSA in phosphate-
buffered saline (PBS). The cells were fixed with 4% formaldehyde after short
treatment of CCh, washed, and blocked 2% BSA in PBS. After blocking, the cells
were washed and resuspended in 100 uL Alexa Fluor 647 conjugated AQP5
antibody (Abcam, ab215225, 1:500), and incubated for 20 min at 4 °C in the dark.
All of the washing steps were carried out using 1% FBS in PBS as washing buffer,
followed by centrifugation (8000 rpm, 1 min, 4 °C). The labeled cells were kept on
ice until analysis. The cell samples were then acquired on a FACSVerse flow
cytometer equipped with FACSUITE software (BD Biosciences, San Jose, CA,

USA).
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Results

Negrl expression in SMG and normal morphology in Negrl KO mice

It examined whether Negrl was detected in mouse SMG by RT-PCR. The result
indicated that Negrl expressed not only SMG but also brain (cerebral cortex and
hippocampus) and stomach in mouse (Figure 1A). It estimated the structure and
function of SMG using KO mice deleted Negrl gene to identify the role of NEGR1
in salivary gland. Compared to WT mice, the unchanged morphology of SMG
tissue in Negrl KO mice is confirmed by H&E staining (Figure 1B). However,
salivation of Negrl KO mice is dramatically reduced (data not shown). This result
suggested that NEGR1 affects the function of salivation without change of

structure or development.

Reduction of muscarinic Ca?* signaling and SOCE in Negrl KO mice

To predict the molecular mechanism of salivation deficiency in Negrl KO mice, it
estimated the muscarinic Ca?* signaling which is a critical role in salivation. The
peak of CCh-induced intracellular Ca?* increase normalized the peak of ionomycin
is declined in Negrl KO mice (Figure 2). Activation of muscarinic receptor
mediates SOCE in salivary gland cells (Kann, Taubenberger et al. 2012). Tg as a
SERCA inhibitor induced SOCE, the peak of intracellular Ca?* increase by Tg is
decreased also in Negrl KO mice (Figure 3). It suggested that SOCE reduction in
Negrl KO mice, SOCE currents using whole-cell recording confirmed SOCE
diminished significantly in Negrl KO mice (Figure 4). These results showed

NEGR1 regulated muscarinic Ca?* signaling and SOCE in salivary gland cells.
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Changes of calcium-activated ion channels activity in Negrl KO mice

It observed the NEGRL1 effect on the activity of calcium-activated ion channels
which are subordinate molecules of intracellular Ca?* signaling. ANO1 channels as
calcium-activated ClI- channels expressed in acinar cells induce efflux of chloride
ions, it is a driving force of primary fluid secretion (Romanenko, Catalan et al.
2010). And BK channels as calcium-activated K* channels hyperpolarized the cell
membrane in acinar cell, it induced chloride ion flow (Romanenko, Thompson et al.
2010). ANOL1 channel currents in WT and Negrl KO mice, the activity of ANO1
channel is similar in both (Figure 5A). While the activity of BK channel is
increased markedly in Negrl KO mice (Figure 5B). The BK channel expression
level of MRNA (Kcnmal) and membrane surface protein were unchanged in both
mice (Figure 6). However, the mMRNA expression level of auxiliary beta 2 subunit
(Kecnmb2) was increased notably in Negrl KO mice (Figure 6B), it predicted

increased current of BK channel (Lippiat, Standen et al. 2003).

Decreased surface AQP5 expression in Negrl KO mice

Finally, it estimated the expression difference of AQPS5, associated with water
movement by a transcellular pathway in salivary acinar cell. Total mMRNA
expression of Agp5 by quantitative PCR was not changed in Negrl KO mice
(Figure 7A, B). However, the cell surface expression of AQP5 by flow cytometry is
decreased in Negrl KO mice (Figure 7C, D). These results indicated that reduction

of AQP5 membrane translocation, it decreased salivation in Negrl KO mice.
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Figure 3-1. Normal morphology gland but decreased salivation in Negrl

knock-out mice

A. Messenger RNA expression levels of Negrl genes were monitored in the
mouse submandibular glands, cerebral cortex, hippocampus, and stomach of
WT and Negrl KO mice. Gapdh; Glyceraldehyde 3-phosphate dehydrogenase,
a housekeeping gene as a PCR positive control.

B. The images of mouse SMG gland tissue by H&E staining. The gross
morphology of the SMG did not change appreciably between the WT and

Negrl KO mice.
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Figure 3-2. Change of intracellular Ca*" increase induced by carbachol in

Negrl KO mice SMG cells

Fura-2/AM loaded cells treated with 100uM CCh for 30 sec and washed then

treated with 3uM ionomycin for 30 sec.

A. Typical Ca?" imaging traces showing the Fura-2 fluorescence ratio of SMG
cells in WT and Negrl KO mice.

B. Bar graph indicated normalized CCh-induced Ca?* increase peak by the peak
of ionomycin.

C. Cumulative frequency plot showed all reactions from WT (n = 52) and Negrl

KO (n = 64) mice.
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Figure 3-3. Change of intracellular Ca?" increase induced by thapsigargin in

Negrl KO mice SMG cells

Fura-2/AM loaded cells were incubated in Ca?* free HBSS solution and stimulated

with 1uM Tg and then in 2.2 mM Ca?* containing HBSS solution to induce SOCE.

A. Typical Ca?" imaging traces showing the Fura-2 fluorescence ratio of SMG
cells in WT and Negrl KO mice.

B. Bar graph indicated the peak of Ca?* increase by Tg in Ca?* containing HBSS
solution.

C. Cumulative frequency plot showed all reactions from WT (n = 143) and Negrl

KO (n = 144) mice.
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Figure 3-4. SOCE currents were decreased in Negrl KO mice.

The amplitude of SOCE currents recorded in whole-cell experiments measured at

each ramp after the application of 1 uM of Tg.

A. -V curves of currents induced by the depletion of Ca?* store with 1 uM of Tg
in WT and Negrl KO submandibular gland cells. The currents evoked by the
=100 mV to 100 mV.

B. The quantitation of current intensity at —100 mV are shown as bar graphs.

Gadolinium (Gd?**) as a SOCE inhibitor blocks all SOCE currents.
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Figure 3-5. Whole-cell currents of calcium-activated ion channels were

measured in SMG acinar cells of WT and Negrl KO mice.

A. Representative current traces of ANO1 channel. The cell was held at -60 mV,
and the depolarizing pulses from -100 to +100 mV were delivered in 20-mV
increments. The I-V relationship and bar graph of the peak current of ANO1
channel at +100 mV showed no change. Ani9; a specific Anol inhibitor.

B. Typical current traces of BK channel. The I-V curves were obtained by step
pulses (voltage interval; 20mM, duration; 40ms) from -110 mV to +70 mV.
Bar graph showing peak current of BK channel at +70 mV. Pax; paxilline as a
specific BK channel inhibitor.

Mean + SEM. *Significantly different from the control.
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Figure 3-6. Increased BK currents induced auxiliary beta subunit of BK

channel.

A. Representative histogram BK surface expression of SMG cells in WT and
Negrl KO mice measured by flow cytometry.

B. Bar graph showing the relative expression of surface BK expression from flow
cytometry analysis in WT and Negrl KO mice.

C. Relative mRNA expression levels of BK channel subunits in SMG tissue from
WT and Negrl KO mice. alphal; main alpha subunit of BK channel, beta;

auxiliary beta subunits of BK channel.
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Figure 3-7. Expression levels of AQP5 in whole SMG tissue of WT and Negrl

KO mice

Quantitative RT-PCR analysis of Agp5 mRNA and flow cytometry analysis of

AQP5 surface expression in SMG cells from WT and Negrl KO mice.

A. Real-time change in fluorescence with PCR cycle number in a representative
of gRT-PCR experiment. The result was determined in technical triplicates and
data are plotted as lines.

B. Relative expression of Agp5 mMRNA in SMG cells from WT and Negrl KO
mice was normalized to Gapdh reference gene.

C. Representative histogram AQP5 surface expression of SMG cells in WT and
Negrl KO mice measured by flow cytometry.

D. Quantification of AQP5 surface expression of submandibular gland cells in

WT and Negrl KO mice by flow cytometry. * p < 0.05.
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Discussion

It demonstrated NEGR1 known to regulate neurotransmission is detected in
salivary gland and mediate muscarinic transcellular water movement. It is proven
no change of morphology in Negrl knock-out mice. Lack of salivation is expected
by decreased intracellular Ca?* signaling and AQP5 translocation.
The result suggested that NEGR1 has a major role in intracellular Ca?* signaling. In
particular, it is a new finding that NEGR1 control SOCE. Therefore, it is curious to
confirm whether NEGR1 regulates another receptor signaling. Additionally, it
deserved that NEGR1 mediate GPCR-Ca?* signaling in other tissue such as
adipocyte.
NEGR1 as one of the immunoglobulin LON (IgLON) family has three Ig-like
domains and localize in membrane rafts. Moreover, Negrl as a gene newly
detected in obesity is revealed that association with human obesity (Kim, Chun et
al. 2017, Flores-Dorantes, Diaz-Lopez et al. 2020). However, the molecular
mechanism of obesity is not well known and the obesity of mice deleted gene is in
conflict (Joo, Kim et al. 2019, Noh, Park et al. 2020). Compared to this, the
neuronal function of NEGRL1 is clear more. It demonstrated NEGR1 is a crucial
factor in a transcriptome-wide association study of major depression (Dall'Aglio,
Lewis et al. 2021). Especially, NEGR1 is associated with Alzheimer, schizophrenia,
autism spectrum disorder (Noh, Park et al. 2020).
In a previous study, NEGR1 has two important neuronal phenotypes that NMDA.-
LTP reduction and synaptogenesis decline. NMDA receptor activity induced by
high-frequency stimulation activates plasma membrane translocation of AMPA
receptor, called long-term potentiation (LTP) and this reaction is reduced markedly
70
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in Negrl KO mice (Noh, Lee et al. 2019). It is very similar to the role of NEGRL1 in
salivary gland. It detected reduction of muscarinic Ca?" signaling and loss of
aquaporin-5 translocation in Negrl KO mice. These results imply that NEGR1
commonly control in neuron and salivary gland cell that cytosolic Ca?* signaling
(i.e. NMDA receptor-mediated vs muscarinic receptor-mediated) induces receptor
translocation to the membrane (i.e. AMPA receptor vs aquaporin-5). This provides
a detailed understanding of the molecular mechanism of NEGR1 and the meaning
of similarity in neuron and salivary gland cells simultaneously. It is expected that
many neuro-exocrine common factors emerge newly and reveal their functions.
The contribution of salivary gland cells as well as neurons to salivation is
important. Therefore, the decrease in salivation seen in Negrl KO mice also needs
to be looked at in terms of salivary gland cells and neurons. In this study, we
focused on NEGR1 in salivary gland cells. Neuronal NEGR1 contributes to
salivation remains unknown. A Previous study found that the neurotransmitter
release efficiency of excitatory synapse did not change in Negrl KO mice (Noh,
Lee et al. 2019), and therefore the possibility was low that decreased salivary gland
function results from the change of the neurotransmitter secretion efficiency.
However, a decrease in miniature EPSC frequency was observed in Negrl KO
mice, indicating a decrease in synaptogenesis (Noh, Lee et al. 2019). The function
of NEGR1 to synaptogenesis is implemented in the salivary gland will be a very
interesting topic.

In the co-culture of salivary glands and neurons, neurons self-organize around
salivary epithelial cells (Sommakia and Baker 2016). In addition, the salivary

glands secrete neurotrophins including brain-derived neurotrophic factor (BDNF),
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thereby promoting neuron survival and differentiation and triggering
synaptogenesis (Saruta, To et al. 2020). Therefore, it remains possible that the
decrease in salivary secretion seen in Negrl KO mice is due to synaptogenesis that
connects newly formed salivary gland cells and nerves. To date, the regulatory
mechanism of synaptogenesis connecting salivary gland cells and nerves is not yet
known in detail. Therefore, it will be a very interesting topic to examine whether
this phenomenon actually occurs in the SMG and how this defect contributes to the

hyposalivation of Negrl KO mice using Negrl conditional KO mice in the future.
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Conclusion

Chapter 1. Ca?*-activated chloride channels expression in mouse
submandibular gland (SMG) cells

® Anoctamins were detected more expression in the acinar cells than the ductal
cells of mouse SMG.
® Especially, Anol is expressed in the only acinar cell of mouse SMG.

® Segment ‘ac’ form of Anol is major splice variants in mouse SMG acinar cells.
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Chapter 2. The Effect of Ca?* signal and Ca?*-activated potassium

channels on lipid raft microdomain in mouse SMG cells

® Methyl-B-cyclodextrin (MBCD) disrupts lipid raft microdomains by depleting
cholesterol in salivary gland cells.

® M[BCD preincubation inhibited muscarinic receptor-mediated Ca?* signaling,
but not inhibit a Ca?* increase induced by thapsigargin, which activates store-
operated Ca?* entry (SOCE) in mouse SMG acinar cells.

® M[BCD increased the activity of the Ca?*-activated K* channel (BK channel) in
mouse SMG acinar cells.

® MBCD did not directly affect the translocation of aquaporin-5 (AQP5) into the

plasma membrane.
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Chapter 3. The regulation of neuro-exocrine common factors on Ca?*

signal and Ca?*-activated ion channels in mouse SMG cells

Negrl is expressed in the SMG cells.

Carbachol- or thapsigargin-induced intracellular Ca2+ increases were
decreased in SMG cells of Negrl KO mice.

BK channel activity is increased, but ANO1 channel currents are unchanged in
Negrl KO mice.

AQPS5 translocation was reduced in Negrl KO mice.

Negr1 : Regulate factors of salivation
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