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Abstract
Oral dryness is a disease that is caused by the side effects of autoimmune
diseases and antibiotics, including radiation therapy and chemotherapy
(Bhattarai et al., 2018). If the secretion of saliva is not smooth, it is
difficult to chew or swallow the food, and it is easily exposed to various
immune diseases including cavities. Human salivary glands consist of
acinar cells that produce liquids and electrolytes, and duct cells that
secrete the final saliva by adding various proteins (Young et al., 1987).
The salivary gland cells are non-excitatory cells that do not express
voltage-dependent ion channels (Moller, 2002). They are mainly regulated
by the autonomic nervous system (Ambudkar, 2014; Baum et al., 1993;
Melvin et al., 2005).
The neurotransmitters released from the parasympathetic nerve bind to the
G-protein coupled receptors of the human submandibular gland cell
membrane and cell signaling begins. Salivary glands include mainly
muscarinic receptors, alpha adrenergic receptors, and neuropeptide
receptors. If the function of the G-protein coupled receptor is abnormal,
secretion of saliva is reduced (Lee et al., 2012; Mese and Matsuo, 2007;
Proctor and Carpenter, 2007). Several drugs that cause dry mouth inhibit
the function of G-protein coupled receptors (Vinayak V et al.,2013). As
an example, it is already known that antidepressants regulate the signaling
２

of G-protein coupled receptors, but much of the effect of therapeutic drugs
on the G-protein coupled receptor, an antagonist of dopamine receptors,
has not been extensively studied. I found that antipsychotic drugs such as
Haloperidol, a first-generation drug that is caused by xerostomia as a side
effect, Hydroxyzine which is a first-generation antihistamine drug and
antipsychotics drug, and Aripiprazole, Olanzapine and Risperidone, which
are known to show little or no dry mouth, Binding receptor signal
transduction pathway. For the first time, Haloperidol, Hydroxyzine and
Olanzapine, an antipsychotics drugs, inhibit the release of calcium by
muscarinic

receptor

stimulation

(Fig2-1A,3-1A,4-1A).

Secondly,

Haloperidol and Hydroxyzine suppress intracellular calcium by purine
receptor stimulation, but Olanzapine promotes calcium release (Fig 22A,3-2A,4-2A). Third, we found that Haloperidol, Hydroxyzine, and
Olanzapine inhibited the action of SERCA pump in intracellular
membrane of endoplasmic reticulum and decreased intracellular calcium
concentration

(Fig

2-3A,3-3A,4-3A).

Finally,

Risperidone

and

Aripiprazole, which are known to interact with dopamine receptors,
serotonin receptors, and adrenergic and histamine receptors, do not
significantly affect G-protein coupled receptors in salivary gland cells
(Fig 5,6). These results suggest that Haloperidol and Hydroxyzine, which
are antipsychotic drugs that cause dry mouth, not only act as antagonists
of dopamine receptors in neurons but also inhibit G-protein coupled
３

receptor stimulation in human submandibular gland cells. As a result, we
finally found that the concentration of intracellular calcium was lowered
and the secretion of saliva was reduced. In addition, Risperidone and
Aripiprazole, which have weak inducing effects on oral dryness, did not
dramatically affect G-protein coupled receptors in human submandibular
gland cells.

Key words : Dry mouth syndrome, salivary secretion, intracellular calcium,
G-protein coupled receptor, salivary gland, side effects of antipsychotic
４

drugs
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Figure 1. Dose the antipsychotic drug causing xerostomia are related in
calcium signaling in HSG cells?
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Introduction
Oral dryness is a disease in which the secretion of saliva is reduced. When
there is no stimulation, the saliva is diagnosed when the secretion of saliva
is less than 100ML for one minute. Saliva, as a mixture of protein and liquid,
plays a very important role in the oral cavity (Melvin et al., 2005). If the
secretion of saliva is not smooth, the mouth often dries, which makes it
difficult to ingest food, talk, and other various diseases, including cavities. It
consists mainly of acinar cells that produce primary saliva and ductal cells
that produce secondary saliva containing multiple protein. The causes of
oral dryness include radiation therapy, autoimmune diseases such as
Sjogren's syndrome, metabolic diseases such as malnutrition, damage to
organs associated with increased menopause or age, side effects of
medications have (Bhattarai et al., 2018). There have been about 400-600
treatments for oral dryness to date, but the mechanism of its development
has not been well known (Guggenheimer and Moore, 2003; Scully, 2003;
Sreebny and Schwartz, 1997). In this paper, we investigated the calcium
signaling mechanism of drugs that cause oral dryness among schizophrenia
related therapeutic drugs. Schizophrenia has been reported to occur due to
the excessive secretion of dopamine from the central nervous system, and
prescribes drugs with high affinity for dopamine receptors (Konradi and
Heckers, 2001; Sebel et al., 2017; Seeman and Lee, 1975; Shiozaki et al.,
7

2014). These hallucinations or delusions, which are mostly seen to be vain,
to hear or believe, are classified as positive symptom, and hydroxyzine,
which is mainly prescribed haloperidol and also has antihistamine effect, is
also used. Thereafter, drugs were developed that can treat illnesses, negative
symptoms such as maladies or attitudes that are unreliable or unreliable, and
typically include olanzapine, aripiprazole, and risperidone. Haloperidol and
hydroxyzine have been reported to cause oral dryness as a side effect, while
olanzapine, aripiprazole, risperidone, etc. have been reported to have weak
or rare dry mouth symptoms. In general, antipsychotic drugs use the
antagonistic action of G-protein coupled receptors, and dopamine D2
receptors are known as superfamily of G-protein coupled receptors. When a
neurotransmitter secreted from parasympathetic nerve binds to a G-proteincoupled receptor, it hydrolysis phosphoinositide and inositol 1,4,5triphosphate (

) stimulates the IP3 receptor in ER, thereby releasing ER

calcium into the cytoplasm (Ambudkar, 2014, 2016; Melvin et al., 2005).
Increased calcium in the cytoplasm activates calcium-dependent ion
channels and transpoters to allow entry of ions associated with the fluid
secretion. As ions move in and out of the cell, electrical and chemical
gradient of concentration occurs, causing water movement due to osmotic
pressure, which induces fluid secretion. Here, calcium is a secondary
messenger, which maintains a low concentration in the non-stimulated state
and plays an important role in influencing the calcium-dependent modes
8

when the stimulation is given (Berridge et al., 2003; Putney, 1986).
Therefore, the measurement of intracellular calcium concentration in cells
can be used as an indicator of the mechanism of fluid secretion (Jimerson et
al., 1979; Lidow, 2003).
Antipsychotic drugs are known to function as antagonists of dopamine D2
receptors and serotonin 5HTA receptors in neurons, and it has been reported
that salivary gland cells with salivary secretion do not express this same
receptor. Therefore, we investigated the role of antipsychotic drug in saliva
secretion and calcium signaling. Human submandibular gland cells were
used as a model for calcium experiments in salivary glands. To investigate
the relationship between the muscarinic acetylcholine receptors and the
purinergic P2X7 receptors in HSG cells, carbachol and ATP, which are their
agonists, were used and thapsigargin, which releases ER calcium in their
downstream, into the cytoplasm, was used. The antipsychotic drug was
added to the HSG cells, the agonist of each receptor and the pump was
treated, and the released calcium was stained with fura-2am to measure the
absorbance.
Compared with vehicle, antipsychotic drugs affect which receptors are
involved in calcium release.

9

Ⅱ. Material and Methods
Cell culture
The human submandibular gland ductal cells HSG cell line (Shirasuna et al.,
1981) was grown in Modified Eagle’s Medium supplemented with 10% (v/v)
heat-inactivated fetal bovine serum, and 1% (v/v) penicillin (5000 U/mL) +
streptomycin (5000 µg/mL). The human submandibular gland ductal cells
A253 cell line (Marmary et al., 1989) was grown in Dulbecco’s Modified
Eagle’s Medium supplemented with 10% (v/v) heat-inactivated fetal bovine
serum, and 1% (v/v) penicillin (5000 U/mL) + streptomycin (5000 µg/mL).
The cells were cultured in a humidified atmosphere of 95% air and 5% CO2.
The culture medium was changed every two days, and the cells were subcultured weekly.

Materials
Carbachol, ATP, and thapsigargin were purchased from Sigma (St. Louis,
MO, USA). Fura-2 AM was obtained from Molecular Probes (Eugene, OR,
USA). Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum,
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and penicillin/streptomycin were purchased from GIBCO (Grand Island,
NY, USA).

Measurement calcium concentration
Cytosolic Ca2+ concentration ([Ca2+]i) was measured using the Ca2+-sensing
fluorescent indicator fura-2/AM as previously described (Kim et al., 2009).
Briefly, HSG cells were harvested and cell suspension was incubated with
serum-free DMEM medium containing fura-2/AM (4 µM) for 50 min at
37°C with continuous stirring. Then cells were washed with a Locke's
solution (NaCl, 154 mM; KCl, 5.6 mM; MgCl2, 1.2 mM; CaCl2, 2.2 mM;
HEPES, 5.0 mM; glucose, 10 mM, pH 7.4 with NaOH) twice and left at
room temperature until experimental use. To prevent fura-2 leakage,
organic-anion transporter inhibitor, sulfinpyrazone (250 µM) was added to
all solutions (Di Virgilio et al., 1989). For measurement, 5 x 105 cells cells
was placed in quartz cuvette, and changes in fluorescence ratio were
monitored by Shimadzu RF-5301 spectrofluorophotometer (Nishinokyo,
Kyoto, Japan) with dual excitation at 340 and 380 nm and emission at 500
nm (Grynkiewicz et al., 1985).

Statistics analysis
All quantitative data are expressed as means ± SEM. Differences were
11

determined by one-way ANOVA and considered significant when P < 0.05.

12

Ⅲ. Result
Haloperidol inhibit muscarinic and purinergic Ca2+ signaling mediated
[Ca2+]i increase in human submandibular gland cells. It also inhibits
thapsigargin-mediated [Ca2+]i increase.

Carbachol, which binds to and activates the muscarinic acetylcholine
receptor (Liu et al., 1998; Nagy et al., 2007) inhibited the release of calcium
in HSG cells treated with haloperidol. (Fig2-1A). The ATP - mediated
calcium concentration, which acts on the P2X7 receptor and attracts
monovalent cations and calcium ions into the cells, was reduced in
haloperidol - treated cells (Fig 2-2A). Calcium release of haloperidol
associated with thapsigargin, which serves to enhance calcium in the
cytoplasm by blocking the ability to pump calcium into the cytoplasm and
ER, was inhibited (Fig2-3A).

13

Hydroxyzine inhibits muscarinic receptors, purinergic receptors and
thapsigargin-mediated intracellular calcium release in human salivary
gland cells.

The first-generation antihistamine agent, hydroxyzine (American Society of
Health-System Pharmacists 2018), which is reported to exhibit antagonism
to several receptor systems in the brain, inhibits muscarinic-mediated
calcium release. (Fig 3-1A). The ATP - mediated calcium concentration,
which acts on the P2X7 receptor and attracts monovalent cations and
calcium ions into the cells, was reduced in hydroxyzine - treated cells. (Fig
3-2A). When thapsigargin was added to HSG cells treated with hydroxyzine,
the concentration of calcium in the cells decreased. (Fig 3-3A).
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Olanzapine inhibits carbachol-mediated calcium release, promotes
ATP-mediated calcium release, and slightly inhibits thapsigarginmediated calcium release.

Olanzapine has been shown to be effective in the treatment of patients with
recurrent schizophrenia (Harvey et al., 2016), either with or without the
effects of traditional antipsychotic drugs, with positive and negative
symptoms and selective antagonism to dopamine and serotonin receptors.
When carbachol was added to HSG cells treated with olanzapine, release of
intracellular calcium was almost blocked.(Fig 4-A) However, when ATP
was added instead of carbachol in the same way, there was no significant
difference from control.(Fig 4-C). Treatment of olanzapine - treated HSG
cells with thapsigargin inhibited release of intracellular calcium (Fig 4-E).
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Aripiprazole does not have a significant effect on intracellular calcium
concentration by muscarinic receptors, purinergic receptors and
thapsigargin.

Aripiprazole is known to be a partial agonist of the dopamine D2 receptor
and is known to act as an antagonist in the hypersensitivity state of
dopamine and as an agonist in the underdeveloped state to enhance
dopamine action (Shapiro et al., 2003). Thus, the action of dopamine and
serotonin is known to help maintain proper levels. In our study, aripiprazole
did not have a significant effect on muscarinic-mediated intracellular
calcium release and ATP-mediated intracellular calcium release (Fig 5-A,C),
and did not differ significantly in thapsigargin-mediated intracellular
calcium concentration (Fig 5-E).

16

Risperidone has little effect on muscarinic, purinergic receptor and
thapsigargin-related intracellular calcium levels.

Risperidone is an atypical antipsychotics drug which, unlike haloperidol and
hydroxyzine, has been reported to bind more strongly to the 5HTA receptor
than the dopamine D2 receptor (Newman-Tancredi and Kleven, 2011). In
our study, risperidone did not significantly affect muscarinic- and ATPmediated intracellular calcium concentrations (Fig 6-A,C). Similarly, there
was no significant difference in the intracellular calcium concentration in
the response to thapsigargin in HSG cells treated with risperidone (Fig 6-E).
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Figure 2-1. The pretreatment of Haloperidol inhibits Carbacholinduced changes in intracellular calcium concentration in Human
Submandibular gland cells.

(A) Fura-2 loaded HSG cells were treated with 300 mM carbachol with
(black trace) or without (gray trace) 30 mM haloperidol preincubation (5
min). The changes in F340/F380 were monitored and typical Ca2+ traces are
presented. (B) Cells were preincubated with the indicated concentrations of
haloperidol , and subsequently treated with 300 mM carbachol. The peak
height of Ca2+ elevation was monitored. Each point represents mean ± SEM.
n =8.
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Figure 2-2. The pretreatment of Haloperidol inhibits ATP-induced
changes

in

intracellular

calcium

concentration

in

Human

Submandibular gland cells.

(A) Fura-2 loaded HSG cells were treated with 300 mM ATP with (black
trace) or without (gray trace) 30 mM haloperidol preincubation (5 min). The
changes in F340/F380 were monitored and typical Ca2+ traces are presented.
(B) Cells were preincubated with the indicated concentrations of haloperidol,
and subsequently treated with 300 mM ATP. The peak height of Ca2+
elevation was monitored. Each point represents mean ± SEM. n = 6.
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Figure 2-3. The pretreatment of Haloperidol inhibits Thapsigargininduced changes in intracellular calcium concentration in Human
Submandibular gland cells.

(A) Fura-2-loaded HSG cells were treated with 1μM Thapsigargin with
(black trace) or

without (gray trace) 30 μM Haloperidol preincubation

(5min). The changes in F340/F380 were monitored and typical Ca2+ traces
are presented. (B) Cells were preincubated with the indicated concentrations
of haloperidol, and subsequently treated with 1 mM Thapsigargin. The peak

height of Ca2+ elevation was monitored. Each point represents mean ± SEM.
n = 8.
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Figure 3-1. The pretreatment of Hydroxyzine inhibits muscarinicinduced changes in intracellular calcium concentration in Human
Submandibular gland cells.
(A) Fura-2 loaded HSG cells were treated with 300 mM Carbachol with
(black trace) or without (gray trace) 3 mM Hydroxyzine preincubation (5
min). The changes in F340/F380 were monitored and typical Ca2+ traces are
presented. (B) Cells were preincubated with the indicated concentrations of
hydroxyzine, and subsequently treated with 300 mM Carbachol. The peak
height of Ca2+ elevation was monitored. Each point represents mean ± SEM.
n = 6.
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Figure 3-2. The pretreatment of Hydroxyzine inhibits ATP-induced
changes

in

intracellular

calcium

concentration

in

Human

Submandibular gland cells.

(A) Fura-2 loaded HSG cells were treated with 300 mM ATP with (black
trace) or without (gray trace) 3 mM Hydroxyzine preincubation (5 min). The
changes in F340/F380 were monitored and typical Ca2+ traces are presented.
(B) Cells were preincubated with the indicated concentrations of
Hydroxyzine, and subsequently treated with 300 mM ATP. The peak height
of Ca2+ elevation was monitored. Each point represents mean ± SEM. n = 5.
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Figure 3-3. The pretreatment of Hydroxyzine inhibits thapsigargininduced changes in intracellular calcium concentration in Human
submandibular gland cells.
(A) Fura-2-loaded HSG cells were treated with 1μM Thapsigargin with
(black trace) or

without (gray trace) 3 μM Hydroxyzine preincubation

(5min). The changes in F340/F380 were monitored and typical Ca2+ traces
are presented. (B) Cells were preincubated with the indicated concentrations
of Hydroxyzine, and subsequently treated with 1 mM Thapsigargin. The
peak height of Ca2+ elevation was monitored. Each point represents mean ±
SEM. n = 7.
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Fig 4. Olanzapine completely blocks calcium release in Carbacholinduced cells, increase calcium release in ATP-induced cells, and
reduces calcium release in thapsigargin-induced cells.
(A) Fura-2-loaded HSG cells were treated with 300mM Carbachol with
(black trace) or without (gray trace) 30 mM Olanzapine preincubation (5
min).
(B)Quantification of the inhibitory effect of Olanzapine on muscarinicinduced intracellular calcium increase. . The peak height of Ca2+ elevation
was monitored. Each point represents mean ± SEM. n = 4.
(C) Fura-2-loaded HSG cells were treated with 300mM ATP with (black
trace) or without (gray trace) 30 mM Olanzapine preincubation (5 min).
(D)Quantification of the effect of Olanzapine on intracellular calcium
induced by purinergic receptors. . The peak height of Ca2+ elevation was
monitored. Each point represents mean ± SEM. n = 5.
(E)Fura-2-loaded HSG cells were treated with 300 mM Carbachol with
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(black trace) or without (gray trace) 30 mM Olanzapine preincubation
(5min).
(F)Quantification indicating that Olanzapine does not significantly affect
intracellular calcium increase induced by thapsigargin. The peak height of
Ca2+ elevation was monitored. Each point represents mean ± SEM. n = 3.
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Figure 5. Aripiprazole does not significantly affect muscarinic and
purinergic receptor mediated calcium release in human salivary gland
cells. It is not largely involved in the calcium increase by thapsigargin.
(A) Fura-2-loaded HSG cells were treated with 300 mM Carbachol with
(black trace) or without (gray trace) 30 mM Aripiprazole preincubation (5
min).
(B)Quantification of aripiprazole is not significantly altered to increase
intracellular calcium induced by muscarinic. . The peak height of Ca2+
elevation was monitored. Each point represents mean ± SEM. n =3
(C) Fura-2-loaded HSG cells were treated with 300 mM ATP with (black
trace) or without (gray trace) 30 mM Aripiprazole preincubation (5 min).
(D) Quantification of the effect of aripiprazole on intracellular calcium
induced by purinergic receptors is not large. The peak height of Ca2+
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elevation was monitored. Each point represents mean ± SEM. n =3
(E)Fura-2-loaded HSG cells were treated with 300 mM Carbachol with
(black trace) or without (gray trace) 30 mM Aripiprazole preincubation
(5min).
(F)Quantification indicating that Aripiprazole does not significantly affect
intracellular calcium increase induced by thapsigargin. The peak height of
Ca2+ elevation was monitored. Each point represents mean ± SEM. n = 5.
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Figure 6. Risperidone does not inhibit muscarinic, ATP, Thapsigargininduced intracellular calcium concentration increase in Human
submandibular gland cells.
(A) Fura-2-loaded HSG cells were treated with 300mM Carbachol with
(black trace) or without (gray trace) 30mM Risperidone preincubation
(5min).
(B)Quantification of Risperidone is not significantly altered to increase
intracellular calcium induced by muscarinic. The peak height of Ca2+
elevation was monitored. Each point represents mean ± SEM. n = 3.
(C) Fura-2-loaded HSG cells were treated with 300mM ATP with(black trace)
or without (gray trace) 30mM Risperidone preincubation (5min).
(D) Quantification of the effect of Risperidone on intracellular calcium
induced by purinergic receptors is not large. The peak height of Ca2+
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elevation was monitored. Each point represents mean ± SEM. n = 4.
(E)Fura-2-loaded HSG cells were treated with 300mM Carbachol with
(black trace) or without (gray trace) 30mM Risperidone preincubation
(5min).(F)Quantification indicating that Risperidone does not significantly
affect intracellular calcium increase induced by thapsigargin. The peak
height of Ca2+ elevation was monitored. Each point represents mean ± SEM.
n = 4.
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Figure 7. In human salivary gland cells, antihypertensive agents seem
to be involved in calcium signaling and affect salivary secretion.

Ⅳ. Discussion
We examined the effects of first generation drugs such as haloperidol,
hydroxyxyzine and second generation drugs, olanzapine, aripiprazole, and
risperidone on the calcium concentration in human submandibular cells. HSG
cells are composed of G-protein coupled receptors (Lee et al., 2012; Roussa,
2011), which are not voltage-dependent receptors but neurotransmitters released
by the autonomic nervous system. We chose carbachol to increase intracellular
calcium by stimulating muscarinic receptors, as muscarinic receptors have been
reported to be involved in salivary gland intracellular calcium concentrations
associated with salivary secretion (Jin et al., 2012; Nagy et al., 2007). After
treatment with haloperidol and hydroxyzine, the concentration of intracellular
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calcium was significantly reduced in the cells treated with carbachol. These
drugs appear to be powerful antagonists of dopamine, while at the same time
inhibiting muscarinic receptors and interfering with calcium increase. In addition,
ATP (Hedden et al., 2011), which is known as a substance that binds to the P2X7
receptor and attracts external calcium ions into the cell, decreases the
intracellular calcium concentration in cells pretreated with haloperidol and
hydroxyzine. This suggests that the antagonist of the dopamine D2 receptor also
inhibits the P2X7 receptor. In addition, it was confirmed that both haloperidol
and hydroxyzine were inhibited by thapsigargin (Liu et al., 1998), which
increases the cytosolic calcium release by blocking the action of SERCA pump
which acts as downstream of these receptors (Jung et al., 2000; Thastrup et al.,
1990). Haloperidol and hydroxyzine, known as powerful dopamine D2
antagonists in the brain, have been shown to affect the muscarinic receptors and
purinergic receptors expressed in G-protein coupled receptors in salivary glands,
thereby lowering intracellular calcium concentration. And it seems to suppress
secretion of saliva. Olanzapine is known to be a strong antagonist of muscarinic
3 receptors and has been reported to have higher affinity for 5HT2A receptors
than dopamine D2 receptors (Johnson et al., 2005). In our experiment,
olanzapine was treated with carbachol, an agonist of the muscarinic receptor It
was confirmed that calcium release was completely blocked. There was no
significant difference in calcium release when ATP, an agonist of the purinergic
receptor, was administered. Olanzapine seems to selectively bind strongly to
muscarinic receptors, as reported previously, and it appears to influence the
mechanism of salivation by lowering or removing intracellular calcium
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concentration. Aripiprazole is known to exhibit a functional selective action on
dopamine D2 receptors, and most atypical antipsychotics bind preferentially to
external congenital receptors, while aripiprazole has low preference for this
effect and receptors in the brain have a total binding capacity (Shapiro et al.,
2003). In the HSG cells used in our experiments, neither the muscarinic nor the
purinergic receptor showed high affinity, and therefore did not significantly
affect the change of intracellular calcium concentration. Aripiprazole does not
seem to selectively react with specific receptors such as muscarinic and
purinergic receptors in HSG cells as well as neurons. Risperidone is known to
interact even slightly with dopamine receptors, serotonin receptors, alpha 1adrenergic receptors, alpha-2 adrenergic receptors, and histamine receptors, and
it is known to have few side effects (Hecht and Landy, 2012). Therefore, it did
not react significantly with any specific receptor, and the change in calcium
concentration was not significant. In summary, haloperidol and hydroxyzine,
which are known to be drugs that cause oral dryness, were used to lower the
concentration of calcium in HSG cells and induce dry mouth, aripiprazole and
risperidone, which are reported to be rarely observed, have little effect on
calcium concentration. However, this has been confirmed with only three agents,
and further studies on whether they affect other pathways should proceed. There
are two pathways involved in water movement in a mechanism known to control
saliva secretion (Ambudkar, 2011), one related to the ion transport pathway of
the cell membrane as the paracellular pathway, and the other is the pathway of
the AQP5 water channel (Ishikawa et al., 2005). In this regard, among the drugs
we tested, haloperidol and hydroxyzine, which influenced calcium signaling, are
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involved in the regulation of saliva secretion by calcium-dependent ions or the
movement of a water channel called aquaporin-5, if you check that it is
controlled, you will be able to explain the more accurate saliva secretion
mechanism. In addition, the pathway involved in the SOCE channel that supports
calcium supply in the event of calcium depletion in the ER that is the primary
source of intracellular calcium should be considered (Jang et al., 2016). In HSG
cells, SOCE is detected in the ER and the ER calcium binding protein STIM1
activates the plasma membrane calcium channels Orai1 and TRPC1 (Ong et al.,
2014). Therefore, it is necessary to confirm whether or not these drugs affect
calcium channel concentration.

40

Ⅴ. Reference

Ambudkar, I.S. (2011). Dissection of calcium signaling events in exocrine
secretion. Neurochem Res 36, 1212-1221.
Ambudkar, I.S. (2014). Ca(2)(+) signaling and regulation of fluid secretion
in salivary gland acinar cells. Cell Calcium 55, 297-305.
Ambudkar, I.S. (2016). Calcium signalling in salivary gland physiology and
dysfunction. J Physiol 594, 2813-2824.
Baum, B.J., Dai, Y., Hiramatsu, Y., Horn, V.J., and Ambudkar, I.S. (1993).
Signaling mechanisms that regulate saliva formation. Crit Rev Oral
Biol Med 4, 379-384.
Berridge, M.J., Bootman, M.D., and Roderick, H.L. (2003). Calcium
signalling: dynamics, homeostasis and remodelling. Nat Rev Mol Cell
Biol 4, 517-529.
Bhattarai, K.R., Junjappa, R., Handigund, M., Kim, H.R., and Chae, H.J.
(2018). The imprint of salivary secretion in autoimmune disorders and
related pathological conditions. Autoimmun Rev 17, 376-390.
Di Virgilio, F., Steinberg, T.H., and Silverstein, S.C. (1989). Organic-anion
transport inhibitors to facilitate measurement of cytosolic free Ca2+
with fura-2. Methods Cell Biol 31, 453-462.
Grynkiewicz, G., Poenie, M., and Tsien, R.Y. (1985). A new generation of
Ca2+ indicators with greatly improved fluorescence properties. J Biol
Chem 260, 3440-3450.
Guggenheimer, J., and Moore, P.A. (2003). Xerostomia: etiology,
recognition and treatment. J Am Dent Assoc 134, 61-69; quiz 118-119.
Harvey, R.C., James, A.C., and Shields, G.E. (2016). A Systematic Review
and Network Meta-Analysis to Assess the Relative Efficacy of
41

Antipsychotics for the Treatment of Positive and Negative Symptoms
in Early-Onset Schizophrenia. CNS Drugs 30, 27-39.
Hecht, E.M., and Landy, D.C. (2012). Alpha-2 receptor antagonist add-on
therapy in the treatment of schizophrenia; a meta-analysis. Schizophr
Res 134, 202-206.
Hedden, L., Benes, C.H., and Soltoff, S.P. (2011). P2X(7) receptor
antagonists display agonist-like effects on cell signaling proteins.
Biochim Biophys Acta 1810, 532-542.
Ishikawa, Y., Yuan, Z., Inoue, N., Skowronski, M.T., Nakae, Y., Shono, M.,
Cho, G., Yasui, M., Agre, P., and Nielsen, S. (2005). Identification of
AQP5 in lipid rafts and its translocation to apical membranes by
activation of M3 mAChRs in interlobular ducts of rat parotid gland.
Am J Physiol Cell Physiol 289, C1303-1311.
Jang, S.I., Ong, H.L., Liu, X., Alevizos, I., and Ambudkar, I.S. (2016). Upregulation of Store-operated Ca2+ Entry and Nuclear Factor of
Activated T Cells Promote the Acinar Phenotype of the Primary
Human Salivary Gland Cells. J Biol Chem 291, 8709-8720.
Jimerson, D.C., Post, R.M., Carman, J.S., van Kammen, D.P., Wood, J.H.,
Goodwin, F.K., and Bunney, W.E., Jr. (1979). CSF calcium: clinical
correlates in affective illness and schizophrenia. Biol Psychiatry 14,
37-51.
Jin, M., Hwang, S.M., Davies, A.J., Shin, Y., Bae, J.S., Lee, J.H., Lee, E.B.,
Song, Y.W., and Park, K. (2012). Autoantibodies in primary Sjogren's
syndrome patients induce internalization of muscarinic type 3
receptors. Biochim Biophys Acta 1822, 161-167.
Johnson, D.E., Yamazaki, H., Ward, K.M., Schmidt, A.W., Lebel, W.S.,
Treadway, J.L., Gibbs, E.M., Zawalich, W.S., and Rollema, H. (2005).
Inhibitory effects of antipsychotics on carbachol-enhanced insulin
secretion from perifused rat islets: role of muscarinic antagonism in
42

antipsychotic-induced diabetes and hyperglycemia. Diabetes 54, 15521558.
Jung, D.W., Hecht, D., Ho, S.W., O'Connell, B.C., Kleinman, H.K., and
Hoffman, M.P. (2000). PKC and ERK1/2 regulate amylase promoter
activity during differentiation of a salivary gland cell line. J Cell
Physiol 185, 215-225.
Kim, J.H., Park, S.H., Moon, Y.W., Hwang, S., Kim, D., Jo, S.H., Oh, S.B.,
Kim, J.S., Jahng, J.W., Lee, J.H., et al. (2009). Histamine H1 receptor
induces cytosolic calcium increase and aquaporin translocation in
human salivary gland cells. J Pharmacol Exp Ther 330, 403-412.
Konradi,

C.,

and

Heckers,

S.

(2001).

Antipsychotic

drugs

and

neuroplasticity: insights into the treatment and neurobiology of
schizophrenia. Biol Psychiatry 50, 729-742.
Lee, M.G., Ohana, E., Park, H.W., Yang, D., and Muallem, S. (2012).
Molecular mechanism of pancreatic and salivary gland fluid and
HCO3 secretion. Physiol Rev 92, 39-74.
Lidow, M.S. (2003). Calcium signaling dysfunction in schizophrenia: a
unifying approach. Brain Res Brain Res Rev 43, 70-84.
Liu, X., Rojas, E., and Ambudkar, I.S. (1998). Regulation of KCa current by
store-operated Ca2+ influx depends on internal Ca2+ release in HSG
cells. Am J Physiol 275, C571-580.
Marmary, Y., He, X.J., Hand, A.R., Ship, J.A., and Wellner, R.B. (1989).
Beta-adrenergic responsiveness in a human submandibular tumor cell
line (A253). In Vitro Cell Dev Biol 25, 951-958.
Melvin, J.E., Yule, D., Shuttleworth, T., and Begenisich, T. (2005).
Regulation of fluid and electrolyte secretion in salivary gland acinar
cells. Annu Rev Physiol 67, 445-469.
Mese, H., and Matsuo, R. (2007). Salivary secretion, taste and
hyposalivation. J Oral Rehabil 34, 711-723.
43

Moller, T. (2002). Calcium signaling in microglial cells. Glia 40, 184-194.
Nagy, K., Szlavik, V., Racz, G., Ovari, G., Vag, J., and Varga, G. (2007).
Human submandibular gland (HSG) cell line as a model for studying
salivary gland Ca2+ signalling mechanisms. Acta Physiol Hung 94,
301-313.
Newman-Tancredi,

A.,

and

Kleven,

M.S.

(2011).

Comparative

pharmacology of antipsychotics possessing combined dopamine D2
and serotonin 5-HT1A receptor properties. Psychopharmacology (Berl)
216, 451-473.
Ong, H.L., de Souza, L.B., Cheng, K.T., and Ambudkar, I.S. (2014).
Physiological functions and regulation of TRPC channels. Handb Exp
Pharmacol 223, 1005-1034.
Proctor, G.B., and Carpenter, G.H. (2007). Regulation of salivary gland
function by autonomic nerves. Auton Neurosci 133, 3-18.
Putney, J.W., Jr. (1986). A model for receptor-regulated calcium entry. Cell
Calcium 7, 1-12.
Roussa, E. (2011). Channels and transporters in salivary glands. Cell Tissue
Res 343, 263-287.
Scully, C. (2003). Drug effects on salivary glands: dry mouth. Oral Dis 9,
165-176.
Sebel, L.E., Graves, S.M., Chan, C.S., and Surmeier, D.J. (2017).
Haloperidol Selectively Remodels Striatal Indirect Pathway Circuits.
Neuropsychopharmacology 42, 963-973.
Seeman, P., and Lee, T. (1975). Antipsychotic drugs: direct correlation
between clinical potency and presynaptic action on dopamine neurons.
Science 188, 1217-1219.
Shapiro, D.A., Renock, S., Arrington, E., Chiodo, L.A., Liu, L.X., Sibley,
D.R., Roth, B.L., and Mailman, R. (2003). Aripiprazole, a novel
atypical antipsychotic drug with a unique and robust pharmacology.
44

Neuropsychopharmacology 28, 1400-1411.
Shiozaki, A., Nako, Y., Ichikawa, D., Konishi, H., Komatsu, S., Kubota, T.,
Fujiwara, H., Okamoto, K., Kishimoto, M., Marunaka, Y., et al.
(2014). Role of the Na (+)/K (+)/2Cl(-) cotransporter NKCC1 in cell
cycle progression in human esophageal squamous cell carcinoma.
World J Gastroenterol 20, 6844-6859.
Shirasuna, K., Sato, M., and Miyazaki, T. (1981). A neoplastic epithelial
duct cell line established from an irradiated human salivary gland.
Cancer 48, 745-752.
Sreebny, L.M., and Schwartz, S.S. (1997). A reference guide to drugs and
dry mouth--2nd edition. Gerodontology 14, 33-47.
Thastrup, O., Cullen, P.J., Drobak, B.K., Hanley, M.R., and Dawson, A.P.
(1990). Thapsigargin, a tumor promoter, discharges intracellular Ca2+
stores by specific inhibition of the endoplasmic reticulum Ca2(+)ATPase. Proc Natl Acad Sci U S A 87, 2466-2470.
Young, J.A., Cook, D.I., Evans, L.A., and Pirani, D. (1987). Effects of ion
transport inhibition on rat mandibular gland secretion. J Dent Res 66,
531-536.

45

국문초록

구강 건조증을 유발하는 조현병 치료제에서의
타액선 세포내 칼슘신호에 대한 연구

김수현
치의과학과 신경생물학전공
서울대학교 치의학대학원

구강 건조증은 타액의 분비 저하 현상으로 방사선치료나 화학요법
을 포함하여 자가 면역질환 및 조현병 치료약물의 부작용등으로
발생되는 질환이다. 타액의 분비가 원활하지 못하면 음식물을 씹
거나 삼키기 어렵고, 충치를 비롯하여 각종 면역질환에 쉽게 노출
이 된다.
사람 타액선은 액체와 전해질을 생성하는 선포세포와 여러 단백질
들을 첨가하여 최종적인 타액을 분비하는 도관세포로 구성된다.
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타액선 세포는 전압의존성 이온채널을 발현하지 않는 비흥분성 세
포로서, 주로 자율신경계에 의해 조절되며, 특히 부교감 신경의 자
극은 선포세포 세포막에 있는 G-단백질 결합 수용체에 신경전달물
질이 결합을 함으로써 세포 외부의 신호를 내부로 전달하며 이루
어진다. 타액선에는 주로 무스카린성 수용체와 알파 아드레날린성
수용체 그리고 뉴로펩타이드 수용체등이 있다. G-단백질 결합 수용
체의 기능에 이상을 보이면, 타액의 분비가 저하된다. 구강 건조증
을 일으키는 여러 약물이 G-단백질 결합 수용체의 기능을 억제한
다. 그 예로 써, 항 우울제가 G-단백질 결합 수용체의 신호를 조절
하는 것은 이미 알려져 있지만, 도파민 수용체의 길항제인 조현병
의 치료약물들이 G-단백질 결합 수용체에 어떠한 영향을 미치는지
는 많이 연구되지 않았다. 본 논문에서는 조현병의 주요한 치료
약물들

중

구강건조증이

부작용으로

대두되는

1세대약물인

Haloperidol, 1세대 항히스타민제 이면서 조현병 치료제로도 처방되
는 Hydroxyzine과 이에 대비되는 구강건조증이 적게 나타나는 2세
대 약물인 Aripiprazole, Olanzapine, Risperidone 이 타액선세포에서
G-단백질 결합 수용체 신호전달 과정에 어떤 영향을 주는지 밝히
고자 했다.
첫 번째로, 조현병의 정형적 치료제인 Haloperidol, Hydroxyzine과
비정형 치료제인 Olanzapine 은 무스카린성 수용체 자극에 의한 칼
슘 방출을 억제한다. 두 번째로 haloperidol 과 Hydroxyzine은 퓨린
성 수용체 자극에 의한 세포 내 칼슘을 억제하지만 Olanzapine에서
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는

오히려

칼슘방출을

촉진하였다.

세

번째로

Haloperidol,

Hydroxyzine, Olanzapine 은 세포내의 소포체 막에 있는 SERCA
pump의 작용을 억제하여 세포내 칼슘의 농도를 떨어뜨린다는 것
을 알게 되었다. 마지막으로 신경세포에서는 도파민 수용체, 세로
토닌 수용체를 비롯 아드레날린성 수용체, 히스타민 수용체와 모
두 골고루 상호작용을 한다고 알려진 Risperidone 은 타액선세포에
서 G-단백질 결합 수용체에는 크게 영향을 주지 않는 것으로 나타
났다. 위의 결과들로 구강 건조증을 일으키는 조현병 치료 약물인
Haloperidol, Hydroxyzine은 신경세포에서 도파민 수용체의 길항역할
을 할n뿐만 아니라, 타액선세포에서는 G-단백질 결합 수용체 에서
의 자극을 억제함을 알 수 있었다. 그 결과 최종적으로 세포내 칼
슘의 농도를 낮추어, 타액의 분비를 감소하는 역할을 한다는 것을
알게 되었다. 한편 구강 건조증의 유발효과가 약한 Risperidone,
Aripiprazole 등은 타액선 세포에서 G-단백질 결합 수용체에 많은
영향을 주지는 않음을 알게 되었다.

주요어 : 구강 건조증, 타액 분비, 세포 내 칼슘, G-단백질 결합 수
용체, 타액선, 항정신병약물의 부작용
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