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Abstract
Hydrogen sulfide (H 2 S) has a variety of physiological functions. H 2 S reportedly
increases intracellular Ca2+ concentration ([Ca2+] i ) in astrocytes. However, the precise
mechanism and functional role of this increase are not known. Here, we examined the effects
of H 2 S on [Ca2+] i in astrocytes from the rat spinal cord and whether H 2 S affects ATP-induced
Ca2+ signaling, which is known to be involved in synaptic function. Na 2 S (150 μM), an H 2 S
donor, produced a nontoxic increase in [Ca2+] i . The [Ca2+] i increase by Na 2 S was inhibited by
Ca2+ depletion in the endoplasmic reticulum (ER) but not by removal of extracellular Ca2+,
indicating that H 2 S releases Ca2+ from the ER. On the other hand, Na 2 S inhibited
ATP-induced [Ca2+] i increase when Na 2 S clearly increased [Ca2+] i in the astrocytes, which
was not suppressed by a reducing agent. In addition, Na 2 S had no effect on intracellular cyclic
AMP (cAMP) level. These results indicate that oxidative post-translational modification of
proteins and cAMP are not involved in the inhibitory effect of H 2 S on ATP-induced Ca2+
signaling. We conclude that H 2 S indirectly inhibits ATP-induced Ca2+ signaling by decreasing
Ca2+ content in the ER in astrocytes. In this way, H 2 S may influence intercellular
communication between astrocytes and neurons, thereby contributing to neuronal signaling in
the nervous system.

Key words: hydrogen sulfide, ATP, calcium, astrocytes
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1. Introduction
Hydrogen sulfide (H 2 S) is a gaseous substance that is soluble in water (Filipovic et
al., 2018). Under physiological conditions, approximately 20% of H 2 S exists as a gas (Kimura,
2014). H 2 S is transported across the cell membrane by simple diffusion (Mathai et al., 2009).
At high concentrations, H 2 S is well-known as a toxic gas because of the inhibitory effect on
the mitochondrial electron transport chain (Cooper and Brown, 2008).
Despite the toxicity, low concentrations of H 2 S is endogenously produced in several
tissues, and is known to be one of the physiologically active substances (Kimura, 2014). H 2 S
modulates the structure and function of proteins by covalent modification of cysteine residues
(Kimura, 2014), which is called S-sulfhydration (Mustafa et al., 2009). In S-sulfhydration,
H 2 S generates polysulfane (H 2 S n ), which reacts with protein cysteine residues (Liu et al.,
2018). In addition, H 2 S exerts its biological functions by changing the concentration of
intracellular cyclic AMP (cAMP) (Cao et al., 2018). The increase of cAMP by H 2 S is reported
to activate ion channels through protein kinase A-dependent phosphorylation (Perniss et al.,
2017).
In the central nervous system (CNS), H 2 S is produced mainly by astrocytes (Lee et
al., 2009). In the hippocampal astrocytes, H 2 S is shown to increase intracellular Ca2+
concentration ([Ca2+] i ), which is caused mainly by Ca2+ influx through the transient receptor
potential (TRP) A1 channels via S-sulfhydration (Kimura et al., 2013; Nagai et al., 2004;
3

Ogawa et al., 2012). It is also reported that H 2 S causes Ca2+ release from the intracellular
Ca2+ stores, but its mechanism and functional significance in the CNS are still unknown.
The increase in [Ca2+] i contributes to intercellular communication between astrocytes
and surrounding neurons (Guerra-Gomes et al., 2018; Scemes and Giaume, 2006). [Ca2+] i in
astrocytes is also increased in response to neurotransmitters, such as adenosine
5′-triphosphate (ATP), which activates P 2 purinoreceptors and stimulates inositol
1,4,5-triphosphate (IP 3 ) signaling, resulting in the release of Ca2+ from the ER through IP 3
receptor activation (Guthrie et al., 1999; Salter and Hicks, 1995, 1994). The ATP-induced
[Ca2+] i increase in astrocytes is reported to regulate synaptic functions (Domercq et al., 2006;
Navarrete et al., 2013) and may contribute to early symptoms of disease in the CNS (Agulhon
et al., 2012). Therefore, the factors regulating Ca2+ signaling by ATP in astrocytes are
expected to be a useful target for developing the new therapeutic strategy.
We report here that H 2 S induces Ca2+ release from the ER in rat spinal cord
astrocytes. The depletion of Ca2+ in the ER by H 2 S suppresses ATP-induced Ca2+ signaling.
Our data demonstrate that S-sulfhydration and intracellular cAMP do not contribute to this
inhibitory effect by H 2 S.
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2. Materials and Methods
2.1. Reagents
Dithiothreitol (DTT), 2-aminoethoxydiphenylborane (2APB), and allyl
isothiocyanate (AITC) were purchased from FUJIFILM Wako Pure Chemicals Industries
(Osaka, Japan). ATP disodium salt hydrate and cremophor EL were purchased from
Sigma-Aldrich (St.Louis, MO). Na 2 S, Na 2 S 3 ,
1-[6-amino-2-(5-carboxy-2-oxazolyl)-5-benzofuranyloxy]-2-(2-aminom-5-methylphenoxy)
ethane-N,N,N',N'-tetraacetic acid, pentaacetoxymethyl ester (Fura-2 AM), and
O,O’-bis(2-aminoethyl)ethylene-glycol-N,N,N’,N’-tetraacetic acid (EGTA) were purchased
from Dojindo (Kumamoto, Japan). Theophylline-7-(N-4-isopropylphenyl) acetamide
(HC-030031) was purchased from Tocris (Bristol, UK). Thapsigargin and
1-[6-[[(17β)-3-methoxyestra-1,3,5(10)-trien-17-yl]amino]hexyl]-1H-pyrrole-2,5-dione
(U73122) was purchased from Cayman Chemicals (An Arbor, MI). Ryanodine was purchased
from Abcam (Cambridge, UK).

2.2. Animals
Wistar rats were obtained from Clea Japan (Tokyo, Japan). The animals had ad
libitum access to food and tap water, and were maintained in a temperature-controlled
environment on a 12:12 h light/dark cycle. Male and female pups aged 0−3 days were used
5

for experiments. All animal care and experimental protocols were approved by the Committee
on Animal Experimentation, Graduate School of Veterinary Medicine, Hokkaido University
(no. 19-0009).

2.3. Cell cultures
Cultured astrocytes of the spinal cord were obtained from Wistar rats. Neonatal rats
were killed by decapitation and the isolated spinal cord was minced in divalent cation-free
Hanks’ balanced salt solution. Following digestion with papain (10 U/ml) and DNase (0.1
mg/ml) at room temperature for 20 min, tissues were mechanically dissociated with a Pasteur
pipette in culture medium. The culture medium was Dulbecco’s modified Eagle Medium
(DMEM)/Ham’s-F12 containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 0.1
mg/ml of streptomycin. The cell suspension was transferred to a poly-L-lysine-coated T75
flask, and the medium was replaced after 1−2 h. Cells were cultured in a humidified
environment containing 5% CO 2 at 37°C and the culture medium was replaced every 2 or 3
days. When cells reached 80 − 90% confluence, flasks were shaken vigorously at 250 rpm for
at least 12 h to remove nonadherent cells. The remaining astrocytes were trypsinized and
seeded in poly-L-lysine-coated T25 flasks, microwell plates, dishes, or cover glasses (Φ15).
All cells were positive for the astrocyte marker glial fibrillary acidic protein (Eguchi et al.,
2015).
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2.4. Calcium imaging
The cells were seeded on cover glasses at a density of 5 × 103 cells/cm2 and cultured
for 9−15 days. The cells were then washed with artificial cerebrospinal fluid (ACSF; 138 mM
NaCl, 3.5 mM KCl, 1.25 mM CaCl 2 , 1.2 mM MgCl 2 , 25 mM HEPES, and 10 mM glucose,
pH 7.3 with NaOH) and loaded with 10 μM Fura-2 AM and 0.002% (v/v) cremophor EL in
ACSF for 60 min at 37°C. Fura-2 fluorescence was measured using an inverted microscope
(Diaphot 300, Nikon, Tokyo, Japan) with a fluorescence ratio imaging system (ORCA-ER;
Hamamatsu Photonics, Shizuoka, Japan). Cells were continuously superfused with ACSF and
illuminated at 340 and 380 nm for 111 ms at 2 s intervals. The respective fluorescence signals
(F 340 and F 380 ) were detected at 500 nm. The ratio of F 340 and F 380 (R) was analyzed after
correction of background fluorescence using Aquacosmos 2.6 software (Hamamatsu
Photonics). The intracellular calcium concentration ([Ca2+] i ) was calculated using the
following equation : [Ca2+] i = K D β × (R―R min )/(R max -R) (Grynkiewicz et al., 1985). The
dissociation constant of Fura-2 and Ca2+ (K D ), the ratio of F 380 at saturating Ca2+ to F 380 at
zero Ca2+ (β), and the minimum (R min ) and maximum (R max ) of the fluorescence ratio
(F 340 /F 380 ) were calculated using a Calcium Calibration Buffer kit (Invitrogen, Carlsbad, CA).
All experiments were performed at room temperature. To remove extracellular Ca2+, CaCl 2 in
ACSF was replaced with 1 mM EGTA.
7

Basal [Ca2+] i was determined from a single point just before application of drugs
unless otherwise stated. Peak [Ca2+] i was determined from a single maximum point during
application of drugs. The peak amplitude was calculated as the difference between peak
[Ca2+] i and basal [Ca2+] i .

2.5. Viability analysis
The cells were seeded on 96-well plates at a density of 1 × 104 cells/cm2 and
incubated for 2 h with medium containing 1% fetal bovine serum. After washing once, cells
were treated with Na 2 S (1 μM − 1 mM) for 6 h. Lactate dehydrogenase (LDH) release from
astrocytes was assessed with the Cytotoxicity Detection LDH kit (Roche, Indianapolis, IN)
according to the manufacturer’s instructions. Absorbance at 490 nm was measured by a
microplate reader (SH-1000; Corona Electric, Hitachinaka, Japan) with the correction set at
700 nm.

2.6. Cell proliferation assay
The cells were seeded at a density of 1 × 104 cells/cm2 on 96-well plates and
incubated for 24 h with medium containing 10% fetal bovine serum. After incubation,
astrocytes were treated with Na 2 S (150 μM) for 24 h, after which the medium was discarded
and 100 μl fresh medium was added. Cell proliferation was assessed with a
8

3-[4,5-dimethylthiazolyl-2]-2,5-diphenyltetrazolium bromide (MTT) assay using MTT Cell
Count kit (Nacalai Tesque, Kyoto, Japan) according to the manufacturer’s instructions.
Absorbance was measured at 570 nm on a microplate reader with the correction set at 650
nm.

2.7. Measurement of ATP release
The cells were plated at a density of 1.5 × 104 cells/cm2 on 24-well plates. Once the
cells reached confluence, they were incubated with ACSF (37°C) for 1 h before Na 2 S (final
concentrations, 0.001–150 μM) was added. Na 2 S was applied by dropping a highly
concentrated solution. Five minutes later, samples (50 μl) were collected and boiled.
Remaining cells were suspended in 0.1 N NaOH and sonicated. The protein content of cell
lysates was measured using the Quick Start protein assay (Bio-Rad, Hercules, CA). ATP in the
samples was measured with the luciferin-luciferase technique using the ATP Determination kit
(Invitrogen) and a microplate reader (SH-9000; Corona Electric). A calibration curve was
prepared using standard solutions containing known concentrations of ATP, and
concentrations of ATP in the samples were calculated from it. The amounts of ATP were
expressed as the extracellular amount per milligram of protein in cell lysates (pmol/mg
protein).
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2.8. cAMP assay
The cells were seeded at a density of 5 × 103 cells/cm2 in 60 mm dishes and cultured
for 10−14 days before experiments. The cells were washed and then incubated in ACSF for 60
min at 37°C. After the incubation, cells were brought to room temperature and treated with
Na 2 S (150 μM), Na 2 S 3 (10 μM), or forskolin (100 μM) for 10 min. Control samples were
treated for 10 min with an appropriate volume of vehicle (distilled water). The ACSF was
then aspirated and cells were treated with HCl (0.1 M) for 20 min at room temperature. Cells
were scraped from dishes and then centrifuged at 1,000 × g for 10 min. The supernatants were
used for measurement of cAMP content with a cAMP enzyme immunoassay kit (Cayman
Chemicals).

2.9. Statistical analysis
Data are expressed as means ± standard errors of the means (S.E.M.). Statistical
comparisons between two groups were assessed using Student’s t-tests, and analyses of
variance followed by Dunnett’s tests were used for multiple comparisons. A P-value < 0.05
was considered significant. Ekuseru–Toukei 2008 statistical software (Social Survey Research
Information Co., Ltd., Tokyo, Japan) was used for all statistical analyses.
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3. Results
3.1. H 2 S increases [Ca2+] i in spinal cord astrocytes.
First, we measured the effect of H 2 S on [Ca2+] i levels in cultured spinal cord
astrocytes. The basal [Ca2+] i levels were 38.3 ± 1.3 nM (n = 379 cells from 3 cultures), and
the application of Na 2 S at more than 100 μM for 10 min significantly increased [Ca2+] i (n =
89-100 cells from 3 cultures, Fig. 1A, B). The [Ca2+] i recovered to nearly basal level 3 min
after removal of Na 2 S at 100 μM, but not at 1 mM (∆[Ca2+] i at 0 μM : 8.98 ± 1.24 nM, 100
μM : 15.40 ± 2.99 nM, and 1 mM : 67.61 ± 7.41 nM, P < 0.01 vs. 0 μM Na 2 S Dunnett’s test,
n = 93-100 cells from 3 cultures).
To determine if the concentrations of Na 2 S used in our study caused damage to
astrocytes, we incubated cells with various concentrations of Na 2 S (1 μM−1 mM) for 6 h and
assessed the level of the extracellular lactate dehydrogenase which is rapidly released from
damaged cells. As the result, no increase in lactate dehydrogenase release was observed (Fig.
1C). Furthermore, incubation with Na 2 S (150 μM) for 24 h did not affect cell viability in
MTT assay (Fig. 1D), demonstrating that Na 2 S is not toxic at concentrations up to 150 μM.
As physiological concentrations of H 2 S in the brain are 50−166 μM (Baskar and Bian, 2011),
we used Na 2 S at concentrations ≤150 μM in subsequent experiments.

3.2. H 2 S inhibits ATP-induced [Ca2+] i increase in astrocytes.
11

The application of ATP (10 μM) for 30 s increased [Ca2+] i (∆ATP 1 ) in almost all cells
(Fig. 2A). ATP induced transient [Ca2+] i increase and there was a plateau in some cells after
the application of ATP. This ATP-induced [Ca2+] i increase was almost completely inhibited
after incubation with U73122 (5 μM, 60 min), a phospholipase C inhibitor (Fig. S1A),
suggesting that ATP (10 μM) induces mainly Ca2+ release from the ER through IP 3 signaling
pathway in spinal cord astrocytes. Fifteen minutes after the first application, the second
application of ATP also increased [Ca2+] i (∆ATP 2 ), and the ratio of the second ATP-induced
[Ca2+] i increase to the first one (∆ATP 2 /∆ATP 1 ) was consistent. Then we examined the effects
of H 2 S on ATP-induced Ca2+ response in spinal cord astrocytes. After the first application of
ATP, cells were treated with Na 2 S (0.1−150 μM) for 10 min, and the second application of
ATP was done in the presence of Na 2 S. After the first application of ATP, Na 2 S at more than
100 μM increased [Ca2+] i (Fig. 2A, B). Furthermore, ∆ATP 2 /∆ATP 1 decreased in the presence
of Na 2 S at more than 100 μM(Fig. 2A, C). These results suggest that the suppression of ATP
signaling is related to H 2 S-induced [Ca2+] i increase.
Increases in [Ca2+] i trigger the exocytosis of ATP from astrocytes (Pryazhnikov and
Khiroug, 2008), thus increases in [Ca2+] i by H 2 S might induce ATP release from astrocytes.
However, the application of Na 2 S (0.001−150 μM, 5 min) did not alter the extracellular
concentrations of ATP (Fig. 2D), suggesting that H 2 S-induced [Ca2+] i increase does not
promote the exocytosis of ATP.
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3.3. Ca2+ response to H 2 S does not depend on Ca2+ influx in spinal cord astrocytes.
We next examined the mechanism of H 2 S-induced [Ca2+] i increase. In rat
hippocampal astrocytes, it was reported that H 2 S increases [Ca2+] i via the activation of
TRPA1. However, the [Ca2+] i increase by Na 2 S (150 μM) was not suppressed by HC-030031
(10 μM), a selective TRPA1 inhibitor (McNamara et al., 2007) (Fig. 3A), and allyl
isothiocyanate (AITC, 10 μM), a TRPA1 agonist (McNamara et al., 2007), did not increase
[Ca2+] i (Fig. 3B). Furthermore, removal of extracellular Ca2+ by replacing CaCl 2 in ACSF
with 1 mM EGTA did not decrease [Ca2+] i increase by Na 2 S (Fig. 3C). These results indicate
that H 2 S-induced [Ca2+] i increase does not depend on the activity of TRPA1 or Ca2+ influx in
rat spinal cord astrocytes.

3.4. H 2 S induces Ca2+ release from the ER in astrocytes.
We examined whether H 2 S induces Ca2+ release from intracellular Ca2+ stores. The
application of thapsigargin (1 μM), which depletes Ca2+ in the ER by inhibiting
sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) (Thastrup et al., 1990), increased the
[Ca2+] i (Fig. 4A). In the presence of thapsigargin, Na 2 S-induced [Ca2+] i increase markedly
decreased (Fig. 4A, B).
Next, we examined whether the decrease of Ca2+ in the ER by ATP affects the
13

H 2 S-induced [Ca2+] i increase. Repetitive application of ATP (10 μM, 30 s) increased [Ca2+] i
each time in the presence of extracellular Ca2+ (Fig. 4C), indicating that Ca2+ was taken into
the ER and the Ca2+ content in the ER was maintained. Under the Ca2+ free condition, [Ca2+] i
increase by the second application of ATP markedly decreased (∆ATP 2 /∆ATP 1 , control: 0.79
± 0.02, n = 87, vs. Ca2+ free: 0.46 ± 0.03, n = 76, P < 0.01, unpaired Student’s t-test), and then
the Ca2+ response to Na 2 S (150 μM, 10 min) after the second application of ATP was almost
abolished (Fig. 4D, E). These results suggest that ATP and H 2 S mobilize Ca2+ from the same
ER.
Ca2+ is released from the ER by changes in the activities of IP 3 receptors, ryanodine
receptors, and SERCA. We examined whether H 2 S induces the release of Ca2+ from the ER
through IP 3 receptors. The application of 2-aminoethoxydiphenyl borate (2APB) (100 μM, 2
min), which is a general inhibitor of IP 3 receptors (Peppiatt et al., 2003), slightly increased
[Ca2+] i by itself and decreased ∆ATP 2 /∆ATP 1 (Fig. S2A, B). 2APB did not completely
suppress ATP-induced Ca2+ response. This inhibitory effect of 2APB did not change with
extended application time (10 min). This is probably because a subtype of IP 3 receptors
expressed in spinal cord astrocytes is less sensitive to 2APB (Saleem et al., 2014). Therefore,
we did not investigate the effect of 2APB on H 2 S-induced [Ca2+] i increase. Then, we
examined the effect of U73122, a phospholipase C inhibitor, on the H 2 S-induced [Ca2+] i
increase. U73122 (5 μM, 60 min) did not inhibit, but enhanced [Ca2+] i increase by Na 2 S (Fig.
14

S1B), suggesting that IP 3 signaling pathway is not involved in H 2 S-induced [Ca2+] i increase.
Next, we examined whether ryanodine receptors are involved in H 2 S-iduced [Ca2+] i
increase. The high concentrations of ryanodine inhibit opening of ryanodine receptors
(Willmott et al., 2000). The [Ca2+] i increase by ryanodine (1 μM) was inhibited after
incubation with ryanodine (100 μM, 30 min, Fig. S3A). Under the same conditions, the peak
amplitude of Ca2+ increase by Na 2 S (150 μM, 5 min) was 75.9 ± 6.4 nM (n = 99 cells from 3
cultures) (Fig. S3B). The [Ca2+] i increase by Na 2 S was not inhibited by the pretreatment of
ryanodine (Fig. 4B), suggesting that H 2 S does not release Ca2+ from the ER through
ryanodine receptors.

3.5. H 2 S induces Ca2+ responses via S-sulfhydration-independent mechanism.
To determine if S-sulfhydration of proteins contributes to H 2 S-induced [Ca2+] i
increase in astrocytes, we applied 1 mM DTT, a reducing agent that can reverse covalent
S-sulfhydration modifications (Cooper and Brown, 2008). DTT not only failed to suppress the
H 2 S-induced [Ca2+] i increase, but slightly increased it (Fig. 5A). DTT also did not affect the
inhibitory effect of H 2 S on ATP-induced [Ca2+] i increase (Fig. 5B, C). We next tested the
effects of Na 2 S 3 , a donor of H 2 S n , that induces S-sulfhydration at low concentrations (Kimura
et al., 2013). Na 2 S 3 (0.1−10 μM) slightly increased [Ca2+] i but inhibited the ATP-induced
[Ca2+] i increase only at the lowest concentration (0.1 μM) (Fig. 5D-F). These results indicate
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that H 2 S-induced [Ca2+] i increase is largely independent of S-sulfhydration.

3.6. Ca2+ responses induced by H 2 S do not depend on cAMP.
H 2 S also alters intracellular levels of cAMP, which regulates the various cell
functions (Cao et al., 2018). Generally, cAMP activates protein kinase A, which modulates the
activities of Ca2+ channels on the ER membrane (Desouza et al., 2002; Zalk et al., 2007).
Na 2 S (150 μM) or Na 2 S 3 (10 μM) treatment for 10 min failed to alter the intracellular
concentration of cAMP, while forskolin (100 μM), an adenylate cyclase agonist, increased
cAMP levels (Fig. 5G). These results suggest that cAMP is not involved in H 2 S-induced
[Ca2+] i increase.
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4. Discussion
H 2 S is shown to increase [Ca2+] i in astrocytes, but its mechanism and role are not
clear. Extracellular ATP is major mediator of Ca2+ signals in astrocytes (Guthrie et al., 1999),
which regulates communication between astrocytes and surrounding cells including other
astrocytes and neurons (Guerra-Gomes et al., 2018). In this study, we demonstrated that H 2 S
induces Ca2+ release from the ER, and inhibits ATP-induced [Ca2+] i increase in spinal cord
astrocytes.
In rat hippocampal astrocytes, H 2 S induces Ca2+ influx via S-sulfhydration of TRPA1
(Kimura et al., 2013; Nagai et al., 2004), which occurs with low concentrations of polysulfane
donors, such as Na 2 S 3 (EC 50 91 nM), and is reversed by DTT (Kimura et al., 2013; Ujike et
al., 2015). However, in the present study, H 2 S-induced [Ca2+] i increase was not affected by a
TRPA1 antagonist, DTT, or removal of extracellular Ca2+. Furthermore, AITC, a TRPA1
agonist, did not induce clear [Ca2+] i increase. Several previous studies suggest that H 2 S also
acts on transient receptor potential vanilloid 1 (TRPV1) (Krueger et al., 2010; Trevisani et al.,
2005). However, recent studies show that H 2 S does not directly activate TRPV1 (Miyamoto et
al., 2011; Ogawa et al., 2012). Taken together, it is considered that TRPA1 and TRPV1 are not
involved in H 2 S-induced [Ca2+] i increase in rat spinal cord astrocytes.
H 2 S-induced [Ca2+] i increase was suppressed by thapsigargin, a SERCA inhibitor,
and by the depletion of Ca2+ content in the ER after the application of ATP in the absence of
17

extracellular Ca2+. Moreover, H 2 S inhibited ATP-induced [Ca2+] i increase, suggesting that
both H 2 S and ATP release Ca2+ from the same ER. The release of Ca2+ from the ER by H 2 S
has been reported in several different cells (Bauer et al., 2010; de Pascual et al., 2018; Yong et
al., 2010). These reports also show that depletion of Ca2+ in the ER by SERCA inhibitors or
the stimulation of IP 3 receptors suppresses H 2 S-induced [Ca2+] i increase. The inhibitory
effect of H 2 S on ATP-induced [Ca2+] i increase in the absence of extracellular Ca2+ was also
reported in human vascular endothelial cells (Bauer et al., 2010). On the other hand, in
SH-SY5Y cells, H 2 S increases [Ca2+] i by Ca2+ release from the ER and Ca2+ influx via
protein kinase A pathway (Yong et al., 2010). As mentioned above, in the present study, H 2 S
did not induce Ca2+ influx and intracellular cAMP elevation in spinal cord astrocytes.
The ATP-induced [Ca2+] i increase was inhibited when H 2 S clearly induced [Ca2+] i
increase by Na 2 S at more than 100 μM. This result indicates a strong relationship between the
[Ca2+] i increase and the inhibition of ATP-induced Ca2+ signals by H 2 S. [Ca2+] i directly
regulates Ca2+ release through IP 3 receptors on the ER membrane (Hno, 1990): [Ca2+] i
between 0 and 300 nM activates IP 3 receptors, whereas >300 nM [Ca2+] i inhibits them. In this
study, the resting [Ca2+] i in cultured astrocytes was around 100 nM, and Na 2 S (150 μM)
increased [Ca2+] i by approximately 50 nM. Thus, it is unlikely that H 2 S-induced [Ca2+] i
increase inhibited IP 3 receptors. On the other hand, H 2 S may have depleted the Ca2+ content
in the ER, thereby preventing subsequent ATP-induced [Ca2+] i increases. Further studies are
18

needed to elucidate the mechanism underlying H 2 S-induced Ca2+ release from the ER. We
found that ryanodine receptors are not major Ca2+ transporting proteins activated by H 2 S in
spinal cord astrocytes, but it is not known if H 2 S directly affects the activities of other Ca2+
leak channels and/or SERCA.
H 2 S n derived from H 2 S modifies cysteine residues of proteins and modulates their
functions (Kimura, 2014). This S-sulfhydration is an oxidative reaction (Lau and Pluth, 2019)
and is one of the most important biological functions of H 2 S. Plasma membrane
ATP-sensitive K+ (KATP) channels are activated by S-sulfhydration, which is reversed by
DTT (Kang et al., 2015). The activation of KATP channels suppresses Ca2+ influx by
hyperpolarization of the plasma membrane (Ashcroft, 2005). In this study, DTT did not
inhibit the effect of H 2 S on [Ca2+] i , suggesting that the oxidative reaction is not involved.
KATP channels are also expressed in mitochondria. It is speculated that mitochondrial KATP
channels have different structure and properties from those expressed on the cell membrane
(Huang et al., 2019). Opening of mitochondrial KATP channels has been reported to induce
Ca2+ release from mitochondria (Holmuhamedov et al., 1999). Although it has been suggested
that H 2 S acts on mitochondrial KATP channels (Testai et al., 2016), it is unclear whether H 2 S
mobilizes intracellular Ca2+ through the regulation of mitochondrial KATP channels. Further
studies should be conducted to reveal the action of H 2 S on mitochondrial KATP channels.
H 2 S affects intracellular respiration by inhibiting cytochrome c oxidase in
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mitochondria or by supplying electrons to facilitate its activity (Cooper and Brown, 2008;
Szabo et al., 2014). Inhibition of the electron transport chain depolarizes the mitochondrial
membrane potential (Barrientos and Moraes, 1999), which releases Ca2+ from the
mitochondrial matrix (Zhao et al., 2013). The mitochondrial depolarization by H 2 S is also
reported (Eghbal et al., 2004). In this study, the depletion of Ca2+ content in the ER by
thapsigargin did not completely suppress H 2 S-induced [Ca2+] i increase. Therefore, it is
presumed that H 2 S acts on other Ca2+ stores including mitochondria. In bovine adrenal
chromaffin cells, H 2 S is suggested to release Ca2+ from the ER and mitochondria (de Pascual
et al., 2018). Furthermore, changes in intracellular respiration caused by H 2 S influence the
concentrations of bioactive substances including ATP, reactive oxygen species, and NADH,
which modulate the activities of Ca2+ transporting proteins on the ER membranes
(Chernorudskiy and Zito, 2017; Kaplin et al., 1996). It is worth examining whether H 2 S
changes intracellular respiration and whether its products are involved in H 2 S-induced [Ca2+] i
increase in future studies.
In conclusion, H 2 S induces Ca2+ release from the ER and inhibits ATP-induced
[Ca2+] i increase in astrocytes. This inhibition was attributed to the decrease of Ca2+ content in
the ER. Astrocytes may be particularly vulnerable to these effects, as they are the main source
of H 2 S in the CNS. The present study suggests that H 2 S can regulate intercellular
communication between astrocytes and surrounding cells through Ca2+. This is important
20

finding because pathological damage to the CNS increases extracellular ATP concentrations
and, subsequent [Ca2+] i increase in astrocytes leads to synaptic dysfunction (Agulhon et al.,
2012). Our findings may lead to further research to reveal the relationship between H 2 S and
the progression of synaptic dysfunction under pathological conditions.
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Figure Legends
Fig. 1 H 2 S increases [Ca2+] i in spinal cord astrocytes.
(A) Representative [Ca2+] i responses of four individual cells to Na 2 S. (B) Peak amplitudes of
the [Ca2+] i increase after the application of Na 2 S (0-150 μM, 10 min) (n = 89-100 cells from 3
cultures). (C) Effect of Na 2 S (0−1000 μM) on LDH release. Astrocytes were treated with
Na 2 S for 6 h. The positive control (p.c.) indicates the results from lysed cells (n = 3). (D) Cell
viability was assessed with MTT test. Astrocytes were treated with 150 μM Na 2 S for 24 h (n
= 5). Data are presented as means ± S.E.M. ##P < 0.01 vs. 0 μM Na 2 S (Dunnett’s test)

Fig. 2 H 2 S inhibits ATP-induced [Ca2+] i increase in astrocytes.
(A) Representative [Ca2+] i response to ATP (10 μM) in the absence (left) and presence of
Na 2 S (150 μM, right). ∆ATP 1 is the difference of [Ca2+] i between maximum value after the
first application of ATP and the value just before that. ∆ATP 2 is the difference of [Ca2+] i
between maximum value after the second application of ATP and the value just before that.
(B) Peak amplitudes of the increase in [Ca2+] i by Na 2 S (0.1−150 μM, 10 min) after the first
application of Na 2 S (n = 97−136 cells from 3−4 cultures). (C) Summarized data of the ratio of
the second ATP-induced [Ca2+] i increase to the first one (n = 97−136 cells from 3−4 cultures).
(D) Extracellular concentrations of ATP after the application of Na 2 S (0.001−150 μM, 5 min)
(n = 4). Data are presented as means ± S.E.M. ##P < 0.01 vs. 0 μM Na 2 S (Dunnett’s test)
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Fig. 3 Ca2+ response to H 2 S does not depend on Ca2+ influx in spinal cord astrocytes.
(A) Effect of HC-030031 (10 μM, 2 min) on H 2 S-induced [Ca2+] i increase. ∆C 1 and ∆C 2 in
the left trace indicate [Ca2+] i before and after application of HC-030031, respectively. The
amplitudes of ∆C 1 and ∆C 2 are summarized (right) (n = 74 cells from 4 cultures). (B) Effect
of AITC (10 μM, 4 min) on [Ca2+] i in the absence and presence of HC-030031 (10 μM). The
same experiment was repeated four times (n = 121 cells from 4 cultures). (C) Effect of
removal of the extracellular Ca2+ on H 2 S-induced [Ca2+] i increase. ∆C 1 and ∆C 2 in the left
trace indicates [Ca2+] i before and after removal of extracellular Ca2+, respectively. The
amplitude of ∆C 1 and ∆C 2 are summarized (right). (n = 94 cells from 4 cultures). Dotted lines
indicate the basal [Ca2+] i level (A, C). Data are presented as means ± S.E.M. *P < 0.05, **P <
0.01 vs. ∆C 1 (paired Student’s t-test)

Fig. 4 H 2 S induces Ca2+ release from the ER in astrocytes.
(A) Representative [Ca2+] i responses to Na 2 S (150 μM, 5 min) in the absence (left) and
presence of thapsigargin (TG, 1 μM, right, 3 individual cells). (B) Peak amplitudes of the
increased [Ca2+] i by Na 2 S under each condition are summarized (n = 67 [control (cont)], 76
[TG], and 99 cells [ryanodine (Rya)] from 3 cultures). (C) Representative [Ca2+] i responses to
ATP (10 μM, 30 sec). (D) Representative [Ca2+] i responses to Na 2 S (150 μM) after the second
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application of ATP in the presence (left) and absence of extracellular Ca2+(right). ∆ATP 1 is the
difference of [Ca2+] i between maximum value after the first application of ATP and the value
just before that. ∆ATP 2 is the difference of [Ca2+] i between maximum value after the second
application of ATP and the value just before that. (E) Peak amplitudes of the increase in
[Ca2+] i by Na 2 S (150 μM, 10 min) after the second application of ATP in the presence or
absence of extracellular Ca2+ are summarized (n = 87 [control] and 76 [Ca2+ free] cells from 3
cultures). Data are presented as means ± S.E.M. ##P < 0.01 vs. control (Dunnett’s test), **P <
0.01 vs. control (unpaired Student’s t-test)

Fig. 5 S-sulfhydration and intracellular cAMP are not involved in the [Ca2+] i increase by H 2 S.
(A) Effect of DTT (1 mM, 2 min) on [Ca2+] i increase by Na 2 S. ∆C 1 and ∆C 2 in the left trace
indicates [Ca2+] i before and after application of DTT, respectively. The amplitude of ∆C 1 and
∆C 2 are summarized (right) (n = 88 cells from 3 cultures). (B) Responses to ATP (10 μM, 30
s) in the absence or presence of Na 2 S (150 μM) and/or DTT (1 mM). (C) Ratios of the second
ATP-induced Ca2+ elevation to the first one are summarized. n.s., not significant (P = 0.42,
unpaired Student’s t-test) (n = 126 [control], 131 [DTT], 126 [Na 2 S], and 123 [Na 2 S + DTT]
cells from 4 cultures). (D) Representative [Ca2+] i responses to ATP (10 μM, 30 s) in the
absence (left) or presence (right) of Na 2 S 3 (10 μM). (E) Peak amplitudes of the [Ca2+] i
increase by Na 2 S 3 (0.1−10 μM, 10 min) after the first application of ATP. (n = 116−134 cells
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from 4 cultures). (F) Ratios of the second ATP-induced Ca2+ elevation to the first one in the
presence of Na 2 S 3 are summarized (n = 116−134 cells from 4 cultures). (G) The amount of
cAMP per well after the application of Na 2 S (150 μM), Na 2 S 3 (10 μM), or forskolin (for, 100
μM) for 10 min (n = 3). Data are presented as means ± S.E.M. **P < 0.01 (paired Student’s
t-test), #P < 0.05, ##P < 0.01 vs. 0 μM Na 2 S (Dunnett’s test)
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