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INTRODUCTION

HYDROGEN SULFIDE (H2S) can be produced from cysteine
by cystathionine �–synthase (CBS), and the production

rate in brain homogenates is 23 nmol H2S/min per g-protein
(1). H2S facilitates hippocampal long-term potentiation
(LTP) in neurons (1) and induces Ca2+ waves by activating
Ca2+ channels in glia (31). H2S also relaxes smooth muscle by
activating ATP-dependent K+ (KATP) channels (5, 16). In addi-
tion to functioning as a signal mediator, we recently demon-
strated a neuroprotective effect of H2S in a model of oxidative
stress caused by glutamate (22). There are two forms of gluta-
mate toxicity: receptor-initiated excitotoxicity (6) and nonre-
ceptor-mediated oxidative glutamate toxicity, or oxytosis (30,
40). Oxytosis is a form of programmed cell death initiated by
high concentrations of extracellular glutamate that prevents
cystine uptake into cells, followed by the depletion of intra-
cellular cysteine, the loss of glutathione, and severe oxidative
stress. Oxidative stress is, at least in part, responsible for neu-
ronal damage and degeneration in brain disorders, including
stroke and epilepsy (7, 33). We recently showed that H2S pro-
tects neurons from oxidative stress and enhances the activity
of �–glutamylcysteine synthetase and upregulates cystine

transport, leading to increased levels of glutathione (22). In-
volvement of H2S in cell proliferation and survival was also
shown in blood vessels (9).

KATP channels, which regulate the release of neurotransmit-
ters in the brain, are involved in protection against ischemia
and glutamate excitotoxicity (11, 14, 24). KATP channels are
also involved in the relaxation of smooth muscle induced by
H2S (5). The KATP-channel openers reduce abnormal excita-
tory synaptic activity and are neuroprotective (2). These pro-
tective effects are suppressed by KATP-channel blockers such
as glibenclamide (24). 

Glibenclamide also inhibits the activity of cystic fibrosis
transmembrane conductance regulator (CFTR) Cl� channels
(37). Glibenclamide induces apoptosis in hepatoblastoma
cells by specifically inhibiting CFTR Cl� channels (21).
CFTR Cl� channels and sulphonylurea receptors, a compo-
nent of KATP channels, belong to the ATP-binding cassette su-
perfamily, and are widely expressed in various organs includ-
ing the brain (17, 28, 35). 

Oxytosis has been observed in primary cultures of neu-
ronal cells (22, 29), neuronal cell lines (27, 30), brain slices
(41), and has recently been studied in the immortalized
mouse hippocampal cell line, HT22 (8, 38). The present study
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demonstrates that H2S protects HT22 cells from oxytosis by
activating KATP and Cl� channels in addition to increasing
glutathione levels.

MATERIALS AND METHODS

Cell culture and toxicity assay

Mouse hippocampal HT22 cells were cultured in Dul-
becco’s modified Eagle medium (DMEM) supplemented with
10% heat-inactivated fetal calf serum (FBS), penicillin (100
U/ml) and streptomycin (100 µg/ml) at 37°C in 10% CO2. For
toxicity studies, HT22 cells were trypsinized (0.05% trypsin
with 0.53 mM EDTA) and plated at 3 � 104 cells per ml in
96-well microtiter plates. After 24 h of incubation, cells were
exposed to glutamate in the presence or absence of NaHS
(Aldrich, Milwaukee, WI). Twenty hours after the addition of
glutamate, cells were subjected to the WST-8 (a tetrazolium
salt, 4-[3-(2-methoxy-4-nitro-phenyl)-2-(4-nitrophenyl)-2H-
5-tetrazolio]-1,3-benzene disulfonate sodium salt) viability
assay with kit-8 (Dojindo, Kumamoto, Japan). Ten µl of 10
mM WST-8 was added to each well, and cells were incubated
for 1.5 h at 37°C, and the absorption values at 450 nm were
measured. Percent survival was calculated as follows:

Survival % =
Sample OD450-background control 

� 100
Untreated control-background control

where the untreated control is the OD450 of the medium
with HT 22 cells in the absence of H2S and background con-
trol is the OD450 of medium without cells. The results ob-
tained by WST assay were confirmed by LDH assays and vi-
sual counting.

Lactate dehydrogenase (LDH) assay

HT22 cells were plated at 104 cells/ml in 96-well mi-
crotiter plates. After overnight incubation, the medium was
changed to DMEM supplemented with 0.5% FBS. Cells were
incubated in the low serum medium for 48 h, then exposed to
glutamate in the presence or absence of NaHS. Since FBS
contains LDH, which increases background absorbance,
HT22 cells were incubated in low serum medium for the LDH
assay. Sixteen h after the addition of glutamate, the microtiter
plate was centrifuged at 250 � g for 10 min, and the cell su-
pernatant was used for the LDH assay (Cytotoxicity Detec-
tion kit (LDH), Roche Diagnostics, Basel, Switzerland). Cell
supernatant (100 µl) was mixed with reaction mixture (100
µl) containing NAD+, iodotetrazolium chloride, and sodium
lactate and incubated in the dark for 30 min. The amount of
formazan salt formed by LDH was measured at 490 nm. Per-
cent cytotoxicity was calculated according to the instruction
manual. Three controls were used. Background control is
medium (DMEM supplemented with 0.5% FBS) only, high
control is cells lysed with Triton X-100 (final 2%) to deter-
mine the maximum releasable LDH enzyme activity.

Low control is untreated HT22 cells used to determine the
spontaneous LDH release. Percent toxicity was calculated by
the equation,

Cytotoxicity % =
Sample OD490-low control

� 100High control-low control

where Survival (% control) = 100�cytotoxicity. A sister cul-
ture was used for the WST assay. 

Measurement of H2S

In the presence of a mild oxidizing agent, ferric ion, H2S
reacts with N,N-dimethyl-p-phenylenediamine to form meth-
ylene blue (MB). The amount of H2S in the medium was de-
termined by reversed-phase high-performance liquid chro-
matography (HPLC) as MB (12, 40). To assay the stability of
NaHS, NaHS (300 µM) was added to 10 cm culture dish con-
taining 10 ml of DMEM supplemented with 10% FBS, peni-
cillin (100 U/ml) and streptomycin (100 µg/ml). After 0, 15,
30, 60, and 120 min incubation at 37°C in 10% CO2, 1 ml of
medium was removed and transferred into an Eppendorf tube
containing 0.1 ml each of 3 mM FeCl3 and 2 mM N,N-
dimethyl-p-phenylenediamine. After 20 min incubation at
room temperature, the reaction mixture was loaded onto a Sep-
Pak light tC18 (Waters) prewashed with 1 ml each of methanol
and H2O, then washed with 5 ml of H2O. MB was eluted from
Sep-Pak light tC18 with 0.5 ml methanol. Eluates were dried
and dissolved in 50 µl of H2O and analyzed with a Waters Sym-
metry C18 (5 µm, 4.6 � 250 mm ID). Absorbance at a wave-
length of 668 nm was monitored with dual wavelength UV/Vis
detector (Waters 2487) for the detection of MB. 

Measurement of cysteine and glutathione levels

The amount of cysteine and glutathione was measured by
the method described previously (22). Briefly, HT22 cells
were treated with 5 mM glutamate, 300 µM NaHS or both for
2, 4, 6, 8 h. Cells were washed twice with ice-cold PBS and
harvested in phosphate buffer (0.1 M NaH2PO4 pH 5.8, 2 mM
EDTA). After sonication, cell lysates were centrifuged at
16,000 � g for 10 min, and supernatants were derivatized for
HPLC. 75 µl of the supernatant was mixed with 0.5 M CHES
(2-[cyclohexylamino]-ethanesulfonic acid), pH 8.4, then de-
rivatized with 4 µl of 50 mM monobromobimane (mBBr) for
15 min in the dark. The reaction was terminated by adding 10
µl of 30% (v/v) acetic acid. Samples were analyzed with a
Beckman Ultrasphere ODS (250 � 4.6-mm ID) column. The
mBBr adduct was monitored by scanning fluorescence detec-
tor (Waters 474) with an excitation wavelength at 370 nm and
an emission wavelength at 485 nm.

Statistics

The data were analyzed using StatView software (Abacus
Concepts, Berkeley, CA) for one-way ANOVA with post-hoc
testing using the Fisher’s PLSD multiple comparison test.

RESULTS

It has been previously demonstrated that H2S protects a
mixed population of primary cultured neurons from oxytosis
(22). To further investigate a neuroprotective role of H2S
against oxidative stress, the effect of H2S was examined using
a clonal hippocampal nerve cell line, HT22, a widely used
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model for oxidative stress (39). HT22 cells exposed to 5 mM
glutamate for 20 h die, while with the simultaneous applica-
tion of NaHS most of the cells remain alive (Fig. 1A). NaHS
alone did not have any effect on the cells. To determine the
percentage of cells rescued by H2S, a WST-8 assay was per-
formed. WST is incorporated into live cells and reduced to a
colored soluble formazan. A decrease in WST reduction rep-
resents a decreased number of viable cells (22). NaHS weakly
protects cells from toxicity induced by glutamate at 10 µM
and its effect increases in a dose-dependent manner up to 100
µM (Fig. 1A). NaHS alone did not show any toxic effect. Be-
cause 300 µM NaHS showed greater protection than 100 µM,
300 µM was used in this study. 

The protective effect of H2S against oxidative stress was
further examined using different concentrations of glutamate
and both the WST-8 and LDH assays to measure cell death.
Cell death caused by glutamate was efficiently suppressed by
NaHS in both cases (Figs. 1B and C). Since the LDH assay
requires low-serum medium and cell death in this model of
glutamate toxicity is serum-dependent (8), fewer cells died in
the presence of glutamate in low-serum medium than in com-
plete medium. The results with the LDH assay support the ob-
servations with the WST-8 assay that H2S protects HT22 cells
from oxytosis.

NaHS dissociates to Na+ and HS� in solution, then HS� as-
sociates with H+ to produce H2S. It does not matter whether
the H2S solution is prepared by bubbling H2S gas or by dis-
solving NaHS. At physiological pH 7.4, approximately one-
third of H2S exists as undissociated form (H2S), which can
evaporate from the medium, and the remaining two-thirds as
HS� at equilibrium with H2S (34). To estimate how much of
H2S + HS� remains in the culture medium as a function of
time, 300 µM NaHS was added and the concentrations of H2S
+ HS� in the medium were measured over 2 h. Approximately
one-third of H2S + HS� remains after 15 min of application
and more than 90% is evaporated from the medium by 30 min

(Fig. 2A). Therefore any effect of H2S on cell physiology fol-
lowing as single application must be rapid and sustainable.

Since the oxytosis-induced cell death occurs 16 h after the
application of glutamate, and since the effect of H2S is rapid,
the timing of the H2S application to efficiently protect cells
from oxytosis was examined. Cells started dying after 8 h of
exposure to 5 mM glutamate and only 14% survived after 16
h (Fig. 2B). The simultaneous application of 300 µM NaHS
and glutamate delayed the onset of cell death to 12 h after the
exposure to glutamate, but 63% of the cells survived even at
16 h (Fig. 2B). To assay whether H2S protects early or late in
the cell death cascade, 300 µM NaHS was applied 2, 4, 6, 8,
10, and 12 h after the application of 5 mM glutamate, and cell
survival was determined at 20 h. H2S protection was only ef-
fective when added at early times after the exposure of cells
to glutamate and decreased thereafter (Fig. 2C). The amount
of time before the application of glutamate that NaHS can be
added and still be protective was also examined. NaHS ap-
plied 12 h before glutamate is still effective in protecting
cells from glutamate toxicity (Fig. 2D). Even though H2S
evaporates in 1 h (Fig. 2A), H2S causes a commitment to sur-
vival that lasts for approximately 12 h. Therefore H2S acts at
an early stage following the application of glutamate and can
delay the onset of toxicity when added well before the toxic
insult.

Dependency of H2S protection 
on extracellular cystine

Since cystine transport is enhanced in H2S protection of
neurons from oxidative stress (22), the dependency of H2S
protection on extracellular concentrations of cystine was ex-
amined. When the extracellular concentrations of cystine
were decreased from 200 µM to 0 µM, toxicity measured 20 h
later was increased in a dose-dependent manner (Fig. 3A).
100 µM NaHS protects cells from toxicity induced by the

FIG. 1. H2S protects HT22 cells from oxytosis. (A) The dose-dependent protection of cells by H2S against glutamate toxicity.
-�-, control; -�- 1 mM glutamate; -�-, 3 mM glutamate; -�-, 5 mM glutamate. Relative survival of cells 20 h after the simulta-
neous application of glutamate and NaHS was measured with the WST assay and confirmed by visual counting. (B) WST-8 assay
of H2S protection. (C) LDH assay of H2S protection. Both assays (B) and (C) were performed in low serum medium. All data in
(A–C) represent the mean + SEM of at least four experiments.
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lower extracellular concentrations of cystine. Although toxic-
ity induced by 10 µM of cystine was partially protected by
100 µM NaHS, toxicity induced by cystine-free media was
not reversed (Fig. 3A). These observations show that H2S re-
quires at least a small amount extracellular cystine to protect
cells from oxidative stress caused by direct cystine depletion. 

The effect of H2S on toxicity induced by a combination of
low concentrations of glutamate and cystine was also exam-
ined. 1 mM glutamate with 100 µM cystine elicited strong
toxicity, but 300 µM NaHS completely protected cells (Fig.
3B). These data again show that extracellular cystine is re-
quired for H2S protection.

Changes in the levels of intracellular cysteine

Since cystine is transported inside the cells and reduced
to cysteine, changes in the endogenous levels of cysteine in
the presence of H2S were examined. In the presence of H2S,
the levels of cysteine in cells are increased approximately
20% relative to those in cells in the absence of H2S by 2 h
after application, and they decreased thereafter (Fig. 4). At 2
h, even in the presence of glutamate, H2S reinstates the lev-
els of cysteine in cells to those in the absence of H2S. These
observations show that H2S increases the levels of intracellu-
lar cysteine. 

FIG. 2. The time-course of the decrease of H2S in the medium and its protection. (A) The time-course of the decrease of
H2S in the medium. The levels of H2S in the medium were measured after the application of 300 µM NaHS. (B) The time-course
of H2S protection from glutamate toxicity. 300 µM NaHS (-�-), 5 mM glutamate (-�-) or both (-�-) was applied to HT22 cells at
0 h and the WST-8 assay was performed at each time indicated. -�-, control (medium alone). (C) and (D) The protection by H2S
applied at different times after (C) and before (D) the application of glutamate at 0 time. Glutamate was applied at 0 h and NaHS
was applied to HT22 cells at 2, 4, 6, 8, 10, 12, and 16 h after (C) and before (D), the application of glutamate and the WST-8 assay
was performed at 20 h after the application of glutamate. -�-, control (medium alone); -l�- 300 µM NaHS; -�-, 5 mM gluta-
mate; -�-, both. All data in (A) to (D) represent the mean + SEM of at least four experiments.
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Changes in glutathione levels induced by H2S

The exposure of HT22 cells, cortical neurons, and neu-
roblastoma cells to glutamate results in the depletion of
glutathione (22, 30, 32, 38). Because H2S protects primary
cortical neurons from oxytosis by increasing the levels of
glutathione (22), the effect of H2S on glutathione levels in
HT22 cells was also examined. Glutathione levels de-
creased by 5 mM glutamate were significantly recovered 2,
4, 6, and 8 h after the application of 300 µM NaHS (p <
0.05 by the Student t-test) (Fig. 5). The levels of glu-
tathione reinstated by H2S are, however, less than those ob-
served in cortical neurons (22), suggesting that an addi-
tional pathway may be involved in the protection of HT22
cells from oxytosis by H2S. 

Involvement of KATP and CFTR Cl� channels 
in H2S protection from glutamate toxicity

H2S activates KATP channels in smooth muscle (16), and
KATP channels may be involved in the protection of hippocam-
pal neurons from glutamate excitotoxicity, ischemia, and ox-
idative injury (11, 14, 24). It is therefore possible that KATP

channels are involved in the protection by H2S against oxida-
tive stress. To examine this possibility, the effect of gliben-
clamide and glipizide, KATP channel blockers, on H2S protec-
tion was investigated. Glibenclamide suppressed the
protection of cells by NaHS from glutamate toxicity in a
dose-dependent manner (Fig. 6A). Glipizide showed the simi-
lar effects (Fig. 6B). In contrast, 5-hydroxydecanate (5-HD;
500 µM), a selective inhibitor for mitochondrial KATP chan-

FIG. 3. H2S protects HT22 cells from extra-
cellular cystine depletion. The dose-depen-
dent protection of cells by H2S against cystine
depletion (A) and both glutamate toxicity and
cystine depletion (B). WST-8 assay was per-
formed 20 h after the application of glutamate.
(A) -�-, control (200 µM cystine); -�- 100 µM
cystine; -�-, 50 µM; -�-, 20 µM; -�-, 10 µM; 
-�-, cystine free. (B) -�-, control (200 µM cys-
tine); -�- 100 µM cystine; -�-, 1 mM glutamate
and 200 µM cystine; -�-, 1 mM glutamate and
100 µM cystine. All data in (A) and (B) represent
the mean + SEM of at least five experiments.

FIG. 4. H2S increases the levels of cysteine decreased by
glutamate. The endogenous levels of cysteine were mea-
sured by HPLC in the presence or absence of H2S 2, 4, 6, and 8
h after the application of H2S. H, 300 µM NaHS; G, 5 mM glu-
tamate; HG, both NaHS and glutamate. *p < 0.05 by Fisher’s
PLSD multiple comparison test. All data represent the mean +
SEM of at least four experiments.

FIG. 5. Recovery of glutathione levels by H2S. The effect
of H2S on glutathione levels. The effect of NaHS on the levels
of glutathione was determined 2, 4, 6, and 8 h after the applica-
tion of glutamate. H, 300 µM NaHS; G, 5 mM glutamate; HG,
both NaHS and glutamate. *p < 0.05 and **p < 0.01 by
ANOVA. All data represent the mean + SEM of at least four
experiments.
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FIG. 6. Involvement of KATP and CFTR Cl� channels in H2S protection. (A, B, C, and D) The effects of KATP channel block-
ers, glibenclamide (A) and glipizide (B) and CFTR Cl� channel blockers, NPPB (C) and IAA-94 (D) on H2S protection. (E) The
effect of simultaneously applied glibenclamide (20 µM) with NPPB (30 µM) on H2S protection. Blockers were applied 30 min be-
fore the application of glutamate and NaHS, and the WST-8 assay was performed after 20 h. All data (A–E) represent the mean +
SEM of at least four experiments.
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nels (3), did not suppress H2S protection (data not shown).
Although both glibenclamide and glipizide alone slightly re-
duce cell suvival at 50 and 300 µM, respectively, both in-
hibitors more efficiently suppress H2S protection from gluta-
mate toxicity (Fig. 6). These observations suggest that KATP

channels are involved in protecting HT22 cells by H2S from
oxytosis.

Glibenclamide also inhibits the activity of CFTR Cl� chan-
nels (37) and induces apoptosis of hepatoblastoma cells (21).
To examine whether CFTR Cl� channels are involved in the
protection of cells by H2S from oxidative stress, the effects of
other CFTR Cl� channel blockers, 5-nitro-2-(3-phenylpropy-
lamino) benzoic acid (NPPB) and indyanyl oxyacetic acid
(IAA-94) (19), were tested. NPPB and IAA-94 suppressed
H2S protection in a dose-dependent manner (Figs. 6C and
6D). In contrast, NPPB or IAA-94 alone only weakly sup-
presses survival of cells (Fig. 6). Therefore CFTR Cl� chan-
nels may also be involved in the protection of HT22 cells by
H2S from oxytosis. 

The effect of simultaneously applied KATP and Cl� channel
blockers on the protection by H2S was also examined. In the
presence of both glibenclamide and NPPB the protecting ef-
fect of H2S on glutamate toxicity is further reduced, lowering
cell survival (Fig. 6E). This observation supports above data
that H2S activates both KATP and CFTR Cl� channels.

The involvement of KATP and CFTR Cl� channels in the
protecting effect of H2S was also examined by using openers
of these channels. Pinacidil, an opener of KATP channels that
are localized to both plasma membrane and mitochondria
(10), suppressed glutamate toxicity in a dose-dependent man-
ner (Fig. 7A). In contrast, diazoxide (30–750 µM), a specific
opener of mitochondrial KATP channels (3), has no effect on
oxytosis (data not shown). In the presence of levamisole, an
opener of CFTR Cl� channels (4), oxytosis is also efficiently
suppressed in a dose-dependent manner (Fig. 7A). These ob-
servations suggest that the opening of KATP channels that are
localized to the plasma membrane as well as CFTR Cl� chan-
nels decreases glutamate toxicity.

To examine the effect of extracellular cystine on the pro-
tection by K+ and Cl� channels, the survival of cells induced
by channel openers was tested in a culture medium with dif-
ferent concentrations of cystine. When extracellular concen-
trations of cystine were decreased from 200 to 0 µM, the
protection of cells by channel openers was greatly decreased
(Fig. 7B). The dependency of protection by channel openers
on extracellular cystine is similar to that caused by H2S
(Fig. 3A).

To further examine the involvement of KATP and CFTR Cl�

channels in H2S-induced neuroprotection, H2S was applied
together with either pinacidil or levamisole and their effect on
glutamate toxicity was studied. Although 30 µM pinacidil or
levamisole alone slightly suppresses glutamate toxicity, in the
presence of low concentrations of H2S, both openers signifi-
cantly increased the protection of cells from glutamate toxic-
ity (Fig. 7C). These observations support the present finding
that H2S activates KATP and CFTR Cl� channels to prevent
glutamate toxicity in HT22 cells.

To examine the possibility whether the activation of KATP

and CFTR Cl�channels changes the levels of glutathione and

cysteine, their amounts were measured in the presence or ab-
sence of pinacidil or levamisole. The basal levels of glu-
tathione or cysteine were not changed in the presence or ab-
sence of these channel openers (Figs. 7D and E). In addition,
these openers only reinstated the cell viability (Fig. 7A) but
not the levels of glutathione or cysteine decreased by gluta-
mate. The activation of KATP and CFTR Cl� channels by H2S
may therefore be independent of the increase in the levels of
glutathione and cysteine or the activation of cystine transport.

DISCUSSION

Glutathione is the major cellular antioxidant and plays an
important role in the protection of cortical neurons from ox-
idative stress by H2S (22). H2S protection of HT22 cells is de-
pendent on the extracellular concentrations of cystine, and as
with primary cortical neurons, H2S increases the levels of in-
tracellular cysteine and glutathione (Figs. 3, 4, and 5). How-
ever, the increases in the levels of glutathione in HT22 cells
are less than those induced by H2S in cortical neurons. H2S
increases glutathione levels, which are decreased by gluta-
mate, by twofold of control in primary cultures of neurons
(22), whereas H2S only reinstates the levels of glutathione to
a half of control in HT22 cells (Fig. 5). These observations
suggest an additional pathway for H2S protection to increas-
ing glutathione levels.

In smooth muscle H2S activates KATP channels (5). KATP

channels are also involved in protection against ischemia and
excitotoxicity (11, 14, 24). The KATP channel openers reduce
abnormal excitatory synaptic activity and are protective
against neuronal death (2). These protective effects are sup-
pressed by KATP channel blockers, including glibenclamide
(24). It is shown here that the activation of KATP channels lo-
calized to the plasma membrane is likely to mediate H2S-
induced neuroprotection. This conclusion is supported by the
following experiments. (a) Glibenclamide and glipizide sup-
press the protection by H2S from oxidative stress; (b)
Pinacidil alone, a KATP channel opener, suppresses glutamate
toxicity; (c) Neuroprotection is increased by the simultaneous
application of H2S and pinacidil. The observation that an
opener and a blocker selective to mitochondrial KATP chan-
nels do not modulate protection by H2S excludes the involve-
ment of mitochondrial KATP channels (Figs. 6A, 6B, and 6E,
and Figs. 7A and 7B). 

CFTR Cl� channels are found in the brain, including the
cerebral cortex and hippocampus (20, 28). CFTR Cl� chan-
nels and sulphonylurea receptors, a component of KATP chan-
nels, belong to the ATP-binding cassette superfamily, and
both groups share significant sequence homologies (15). The
Cl� channel blockers NPPB and IAA-94 suppress protection
by H2S (Figs. 6C and 6D), and levamisole, an opener of Cl�

channels, efficiently suppresses glutamate toxicity (Fig. 7A).
These observations suggest that Cl� channels are also in-
volved in protection by H2S against oxytosis. The recent find-
ings that a decrease in transmembrane Cl� gradients causes
cell death in hippocampal pyramidal neurons (36) and that
the expression of CFTR gene is reduced in the hypothalamus
of patients with Alzheimer’s disease (23) suggest that homeo-

14211c39.pgs  4/19/06  11:40 AM  Page 667



stasis of transmembrane Cl� gradients is required for normal
cell survival.

The simultaneous application of blockers of KATP and Cl�

channels additively suppressed the protecting effect of H2S
on glutamate toxicity (Fig. 6E), and openers of KATP and Cl�

channels also additively reduced glutamate toxicity (Fig. 7C).
Thus the activity of both channels may be enhanced by H2S to
protect HT22 cells from oxytosis.

In primary cultures of cortical neurons H2S protects cells
from oxytosis mainly by increasing glutathione levels in the
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cells (22). Because the concentrations of inhibitors of KATP

channels or CFTR Cl� channels, which were not toxic to HT22
cells, caused cell death in primary cultures, it was difficult to
examine the effect of glibenclamide and NPPB on oxidative
stress-induced cell death in primary cultures. Since the in-
crease in glutathione levels induced by H2S in HT22 cells is not
as great as in primary cultures of neurons, we were prompted to
examine other mechanisms and to show that H2S activates KATP

channels and CFTR Cl� channels (Figs. 6 and 7). In primary
cultures of neurons only the response from a mixture of cells

FIG. 7. The effect of KATP and
CFTR Cl� channel openers on
oxytosis. (A) Effects of
pinacidil, a KATP channel opener,
and levamisole, a CFTR Cl�

channel opener, on glutamate
toxicity. Pinacidil (3–300 µM) or
levamisole (3–300 µM) was ap-
plied with glutamate and the
WST-8 assay was performed
after 20 h. *p < 0.005, **p <
0.0001 by Fisher’s PLSD multi-
ple comparison test. (B) Depen-
dency of the survival effect of
pinacidil or levamisole on extra-
cellular cystine. The WST-8 via-
bility assay was performed 20 h
after the application of pinacidil
or levamisole in the different
concentrations of extracellular
cystine. (C) Effects of simultane-
ously applied low concentrations
of NaHS and pinacidil or lev-
amisole on glutamate toxicity. *p
< 0.005, **p < 0.0005 by
Fisher’s PLSD multiple compari-
son test. (D and E) The effect of
channel openers on intracellular
levels of glutathione and cys-
teine. The endogenous levels of
GSH (D) and cysteine (E) were
measured by HPLC 4 h after the
application of substances. All
data in (A–E) represent the mean
+ SEM of at least four experi-
ments.
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can be observed. However, KATP channels are highly expressed
in neurons of hippocampus (13, 25), and expression of CFTR
is greater in hippocampus than in cortex (28). Since HT22 is a
cloned hippocampal neuronal cell line and primary cultures are
a mixture of neurons, H2S probably increases glutathione lev-
els to protect all neurons but in addition may activate KATP and
CFTR Cl� channels in a subset group of neurons.

When the thiol group of KATP and CFTR Cl� channels is
oxidized, the activity of the channels is inhibited (18, 42).
This suggests that the redox state of channels regulates their
activity. H2S can pass through cell membranes and may re-
duce oxidized thiol groups. It is also possible that the in-
creased glutathione caused by H2S may also enhance the ac-
tivity of channels.

Although most of the H2S in the culture medium evapo-
rates within 30 min, H2S protection as well as the recovery of
glutathione levels decreased by glutamate lasts more than 8 h
(Figs. 2 and 5). Even when added 12 h before glutamate, H2S
is effective in protecting cells from glutamate toxicity (Fig.
2D). In cortical neurons H2S enhances the activity of �–glu-
tamylcysteine synthetase and cystine transporter activity to
increase intracellular cysteine and glutathione (22). Since
high concentrations of H2S suppress respiration, it is possible
that H2S decreases the production of oxidants. This possibil-
ity was excluded, however, because there is no change in ATP
levels in the presence of concentrations of H2S used in the
present study (data not shown). The present study shows that
KATP and Cl� channels are activated by H2S to protect HT22
cells from oxidative stress (Figs. 4, 5, 6, and 7). Once cells
are exposed to H2S for a short period of time, H2S activates
pathways that increase the levels of glutathione and enhances
the activity of the channels. Therefore H2S protects cells from
oxidative stress by mechanisms distinct from simply func-
tioning as a reducing agent.
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chromatography; H2S, hydrogen sulfide; IAA-94, indyanyl
oxyacetic acid; KATP channel, ATP-dependent K+ channel;
LDH, lactate dehydrogenase; LTP, long-term potentiation;
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