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ABSTRACT

Nearly 300 years have passed since the first description of the toxicity of hydrogen sulfide (H,S) in 1713. Al-
though many studies have been devoted to its toxicity, very little attention has been paid to understanding its
normal physiological function. Relatively high concentrations of endogenous H,S, however, have recently
been discovered in animal tissues, and its possible function as a biological messenger has been proposed. H,S
enhances the activity of N-methyl-pD-aspartate receptors and facilitates the induction of hippocampal long-
term potentiation, a synaptic model for memory. H,S also increases intracellular concentrations of Ca?+ in glia
and induces Ca2+ waves, which mediate glial signal transmission. Based on accumulating evidence for the re-
ciprocal interactions between glia and neurons, it has been suggested that glia modulate synaptic transmis-
sion. Therefore, H,S may regulate synaptic activity by modulating the activity of both neurons and glia. In ad-
dition to a role in the signal transduction, H,S protects neurons from oxidative stress and in smooth muscle it
may function as a relaxant. H,S, the toxic gas, may therefore be used as a multifunctional signaling mecha-

nism under normal physiological conditions. Antioxid. Redox Signal. 7, 795-803.

INTRODUCTION

HYDROGEN SULFIDE (H,S) is generally thought of in terms
of a poisonous gas. However, relatively high endogenous
levels of H,S have recently been measured in the brains of
rats, humans, and bovine (30, 60, 79). As H,S is chemically a
very active gas, endogenous H,S may have a physiological
function. Recently, it has been shown that physiological con-
centrations of H,S specifically potentiate the activity of N-
methyl-p-aspartate (NMDA) receptor and alter the induction
of long-term potentiation (LTP) in the hippocampus, a synap-
tic model of learning and memory (1). H,S can also regulate
the release of corticotropin-releasing hormone from the hy-
pothalamus (58). Two other gases, nitric oxide (NO) and car-
bon monoxide (CO), are endogenously produced by enzymes
localized in the brain (28, 77). Both NO and CO have also
been proposed as retrograde messengers in hippocampal LTP
(10, 34, 52, 61, 64, 83). These observations suggest the neu-
romodulatory role of H,S in the brain (1, 62).

Glial cells have been considered to be the nonexcitable sup-
portive elements in the nervous system, but they are now re-

garded as elements that respond to neuronal activity, as well
as modulate synaptic activity (36). One class of glia, astrocytes,
makes neurotransmitters and expresses hormone receptors. A
number of conditions, including neurotransmitters and a me-
chanical stimulation, evoke increases in intracellular Ca2* in
astrocytes that propagate into neighboring astrocytes as inter-
cellular Ca2* waves (11, 17, 40, 50). Ca2" waves have been well
characterized in cultured astrocytes, as well as acutely iso-
lated hippocampal slices (20, 25, 40, 50). Neurons interact with
glia, and the two communicate with each other (20, 51, 55).
Neuronal activity evokes glial Ca2* waves (20), and conversely
glial Caz* waves drive neuronal activity (51, 55). Glial cells
are therefore integral modulatory elements in synaptic trans-
mission (4), and H,S may be involved in the glial signal trans-
duction.

There are two forms of glutamate toxicity: receptor-initiated
excitotoxicity (14) and non-receptor-mediated oxidative glu-
tamate toxicity (47). Oxidative glutamate toxicity, recently
renamed oxytosis (70), is a well-studied programmed cell-
death pathway that is independent of ionotropic glutamate re-
ceptors (44, 47, 70). It has been observed in primary cultures
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of neuronal cells (48), neuronal cell lines (21, 46, 47), and
brain slices (78). Oxidative stress is responsible for neuronal
damage and degeneration in brain disorders, including stroke,
epilepsy, and Alzheimer’s disease (18, 56). Glutamate shares
an amino acid transporter with cystine, and it competes with
cystine for transport into cells (7). Therefore, elevated extra-
cellular glutamate inhibits the transport of cystine that is the
primary source of intracellular cysteine necessary for gluta-
thione synthesis. H,S increases the activity of y-glutamylcys-
teine synthase (y-GCS) and causes the recovery of cystine
transport suppressed by glutamate, resulting in an increase in
the levels of glutathione in neurons (42). Thus, H,S may func-
tion as a neuroprotectant against oxidative stress.

When acetylcholine is applied to the thoracic aorta, the en-
dothelial cells release endothelial-derived relaxing factor (EDRF)
(26). EDREF relaxes smooth muscle and hyperpolarizes smooth
muscle cells (24). NO is a relaxing factor identified as EDRF
(53, 54). However, in some blood vessels, a lack of correla-
tion has been noted between the effect of NO and that of EDRF
to hyperpolarize the vascular smooth muscle cells (24). An-
other unidentified factor or component of EDRF, which hy-
perpolarizes smooth muscle, is thought to be released from
endothelial cells and is designated endothelial-derived hyper-
polarizing factor (EDHF). In addition to these factors re-
leased from endothelial cells, non—endothelium-derived relax-
ing factors have been proposed (29). Low-molecular-weight
S-nitrosothiol intermediates may also contribute to the relax-
ation of coronary smooth muscle, vascular smooth muscle,
carotid arteries, and the cerebral artery (12, 24, 29, 49). Cys-
tathionine vy-lyase (CSE), which can produce H,S, has been
identified in smooth muscle. The following paragraphs out-
line in more detail the possible role of H,S as a synaptic mod-
ulator in the central nervous system and as a relaxant in
smooth muscle.

CHEMICAL PROPERTIES OF H,S

H,S is a colorless 34 molecular weight gas that is heavier
than air. One gram of H,S dissolves in 242 ml of water, 94.3
ml of ethanol, or 48.5 ml of diethyl ether (57). H,S easily
penetrates biological membranes. In physiological saline, ap-
proximately one-third of the H,S exists as the undissociated
form (H,S), and the remaining two-thirds exists as HS- at
equilibrium with H,S (57). NaHS has been widely used for
studies of H,S instead of H,S gas for the following reasons
(9, 43, 79). NaHS dissociates to Na* and HS- in solution,
then HS- associates with H* and produces H,S. It does not
matter whether the H,S solution is prepared by bubbling H,S
gas or by dissolving NaHS. The use of NaHS enables us to
define the concentrations of H,S in solution more accurately
and reproducibly than bubbling H,S gas. The influence of <1
mM Na'* on electrophysiological experiments is negligible,
because basic salt solution contains 150 mM Na*. NaHS at
concentrations of <1 mM does not change the pH of basic salt
solution.

Like H,S, both NO and CO are colorless gases and easily
penetrate biological membrane. The molecular weight of NO
and CO is 30 and 28, respectively. NO is a little heavier than
air, whereas CO is lighter. At 20°C, 4.6 ml of NO and 2.3 ml
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of CO are dissolved in 100 ml of water. NO is a free radical
and produces the extremely toxic hydroxyl radical when it
combines with superoxide (63). CO is a reducing agent like
H,S. With those differences and similarities, H,S, NO, and
CO elicit several effects; some of them are opposite, whereas
others are quite similar.

H,S PRODUCTION

Endogenous H,S can be produced from cysteine by pyri-
doxal 5'-phosphate-dependent enzymes, including cystathio-
nine B-synthetase (CBS) and CSE. CBS mRNA is expressed
in the brain, expecially in hippocampus and cerebellum, whereas
CSE mRNA is not detectable (1). The production of H,S from
brain homogenates is suppressed by CBS-specific inhibitors,
aminooxyacetate and hydroxylamine, whereas it is not sup-
pressed by CSE-specific inhibitors, DL-propargylglycine and
B-cyano-L-alanine (1). The H,S production is enhanced by a
CBS activator, S-adenosyl-L-methionine. These observations
suggest that CBS is a candidate enzyme for the production of
H,S in the brain.

CSE is expressed in the ileum, portal vein, and thoracic
aorta. The homogenates of these tissues produce H,S in the
presence of cysteine, and this production is blocked by CSE-
specific inhibitors (38, 82). The production of H,S from ho-
mogenized vascular tissues is up-regulated by sodium nitro-
prusside (SNP) in a concentration-dependent manner, and
S-nitroso-N-acetylpenicillamine (SNAP), another NO donor,
increases the transcriptional level of CSE (81).

Other enzymes involved in the transaminative pathway of
methionine catabolism have also been proposed to produce
H,S in mammals, and their regulation may also be involved in
the normal physiological function of H,S (74).

REGULATION OF NEURONAL ACTIVITY

Because H,S is produced in the brain, H,S may play a role
in synaptic transmission. We recently found that physiologi-
cal concentrations of H,S modify the induction of LTP in a
dose-dependent manner. Although NaHS at concentrations of
<130 uM or a weak tetanic stimulation alone does not induce
LTP, simultaneous application of both stimulations induces
LTP (1). The timing of application of H,S with a weak tetanic
stimulation is an important factor to facilitate the induction of
LTP. When NaHS is applied 10 min before or after a weak
tetanic stimulation, facilitation of LTP induction does not occur.

NO and CO increase intracellular cyclic GMP, whereas
H,S does not (1, 63). The observation that NO and CO induce
LTP even when NMDA receptors are blocked (83) supports
the idea that NO and CO act as retrograde messengers at synapses
(52, 61, 64). In contrast, H,S with a weak tetanic stimulation
does not induce LTP in the presence of 2-amino-5-phospho-
novalerate, a specific blocker for the NMDA receptor (1),
suggesting that the induction of LTP by H,S requires the acti-
vation of NMDA receptors.

Hippocampal LTP induced by a tetanic stimulation requires
the activation of NMDA receptors (35). H,S alone does not
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induce any apparent currents, but significantly increases the
NMDA-induced inward current (1). The enhancing effect of H,S
on the NMDA response is concentration-dependent in the same
range as its LTP-facilitating effect and is specific to NMDA
receptors. Therefore, H,S may enhance the induction of LTP
by activating NMDA receptors.

Disulfide bonds play a role in modulating the function of
many proteins, including NMDA receptors (3, 71). It is there-
fore possible that H,S interacts with disulfide bonds or free
thiols in NMDA receptors. The irreversible thiol-protecting agent
dithiothreitol (DTT) with a weak tetanic stimulation signifi-
cantly facilitates the induction of LTP. H,S with a weak tetanic
stimulation, however, still induces LTP even after treatment
with DTT, demonstrating that DTT does not occlude the ef-
fect of H,S (1). It is therefore unlikely that the thiol redox
sites in the NMDA receptor contribute little, if at all, to the
potentiating effect of H,S on the induction of LTP.

H,S INCREASES INTRACELLULAR
Ca2* AND INDUCES Ca?+
WAVES IN ASTROCYTES

The observation that H,S enhances the induction of hip-
pocampal LTP suggests that H,S may modulate some aspects
of synaptic activity. Although H,S enhances the NMDA receptor-
mediated responses to glutamate in neurons, the effects of
H,S on brain cells in the absence of glutamate are not well
understood. We recently found that H,S alone induces Ca?*
waves in astrocytes (50) using a Ca?* imaging system with
Calcium Green-1 as a CaZ*-sensitive fluorescent dye. Focal
application of H,S increased intracellular concentrations of
Ca?* in glial fibrillary acidic protein (GFAP)-positive astro-
cytes (50). Although H,S enhances the responses of neurons
to NMDA, significant Ca?* responses to H,S applied directly
to neurons were not observed. H,S may therefore modulate
synaptic activity by directly enhancing the responses to gluta-
mate in neurons and indirectly by inducing Ca2?* waves in as-
trocytes (Fig. 1).

There is a difference in the time course of the increase in
intracellular Ca2* between the astrocytes exposed directly to
H,S and those activated by the propagated Ca?" waves. The
intracellular Ca?* in the astrocytes exposed to H,S sharply in-
creases and gradually decays, whereas the propagated CaZ*
waves show oscillations with a faster decay (50). The initial
increase in the intracellular Ca?* induced by H,S may there-
fore be regulated by a different mechanism than the propa-
gated CaZ* waves.

Glial cells in primary cultures are GFAP-negative during
the first 10 days (72), and then cells become GFAP-positive
and A2B5-negative astrocytes. Cells start responding to H,S
at 6 days, and the responses reach a maximum level at ~30
days (50). The responses to H,S observed in cultures of astro-
cytes also occur in hippocampal slices (50). It has been diffi-
cult to identify neurons and glia in brain slices during electro-
physiological recording or imaging, for viable slices cannot
be stained for specific cell markers. Recently, it has been found
that increases in the intracellular concentrations of Ca2* are
specifically induced in astrocytes by low external concentra-
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FIG. 1. H,S induces Ca?* waves in astrocytes. H,S is re-
leased from neurons or glia surrounding synapses and increases
the intracellular concentrations of Ca2*. Elevated intracellular
Ca2* triggers the induction of Ca2* waves that propagate to the
neighboring astrocytes and may reach and regulate the next
synapse.

tions of K* (19). By using this characteristic of astrocytes, we
can define the cells that respond to H,S in hippocampal slices
as astrocytes. Because astrocytes in acute brain slices respond
to H,S, the possibility that responses to H,S may be the arti-
fact caused by cell culture can be excluded. The requirement
of several days in culture before astrocytes respond to H,S
may be due to the expression of proteins that are necessary
for responding to H,S or the formation of cell-cell junctions.

RESPONSES TO H,S REQUIRE BOTH
EXTRACELLULAR Caz* AND
INTRACELLULAR Ca? STORES

Glutamate and ATP are known to induce Ca2* waves in as-
trocytes (17, 33). The increase in intracellular Ca2* induced
by glutamate is dependent on extracellular Ca2*, whereas that
induced by ATP is only dependent on intracellular Ca2* stores
(17,23, 41). The increase in intracellular Ca2" induced by NaHS
is greatly suppressed in the Ca2*-free medium, whereas the
response to ATP is intact. H,S increases the influx of Ca?*
similarly to that caused by ionomycin, a CaZ* ionophore (50).
Responses to H,S are also suppressed by thapsigargin, a com-
pound that depletes intracellular Ca2* stores, but the suppres-
sion of responses to H,S is much less than that of responses to
ATP or glutamate. H,S increases intracellular concentrations
of Ca2*, largely by inducing Ca2* influx, and to a lesser extent
through the release from intracellular Ca2* stores.

As H,S increases intracellular Ca?, it is possible that H,S
may activate a channel or a receptor associated with a channel
that is permeable to Ca?*. Trivalent cations, La*" and Gd3*,
well-known blockers of Ca2* channels, potently suppress re-
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sponses to H,S (50). Ruthenium red, which is a blocker of
ryanodine receptors and inhibits voltage-gated Ca2* channels
(15), also suppresses responses to H,S. Three additional voltage-
dependent Ca2*-channel blockers, flunarizine, nifedipine, and
o-conotoxin GVIA, all potently suppress responses to H,S.

Although Ca?* channels are clearly activated, the type of Ca2*
channels is difficult to determine because a T-type blocker,
flunarizine, an L-type, nifedipine, and an N-type, w-conotoxin,
block the effect of H,S less potently than the nonspecific
voltage-dependent Ca2* channel blockers, La3* and Gd3*. Al-
ternatively, La3*, Gd3*, and ruthenium red are also potent in-
hibitors of the transient receptor potential (TRP) family of
channels that are permeable to Ca?* (16, 65, 73), and H,S may
activate these channels. Mg2* and MDL-12,330A block TRP
channels (64, 76), and both substances suppress responses to
H,S. Therefore, further work is necessary to identify the spe-
cific type of Ca?* channel that is activated by H,S.

INVOLVEMENT OF H,S IN Ca?*
WAVES IN ASTROCYTES INDUCED
BY NEURONAL EXCITATION

Interactions between neurons and glia may modulate synap-
tic transmission, for neuronal activity can evoke glial CaZ*
waves (20), and propagated Ca?* waves in glial cells may
modulate neuronal activity (51, 55). After neurons were ex-
cited by NMDA, Ca?* waves occurred in neighboring astro-
cytes (50). The Ca2" waves induced by NMDA were completely
suppressed by 10 pM La’* or 10 uM Gd3*. H,S released in re-
sponse to neuronal excitation may increase intracellular Ca2*
and induce Ca2* waves in neighboring astrocytes. Alternatively,
as La3 and Gd3* block Ca2* waves and also inhibit Ca2* chan-
nels, La3* and Gd3* may inhibit the exocytosis of glutamate or
some other factor from nerve terminals when neurons are
stimulated by NMDA.

H,S AS ANEUROPROTECTANT

The toxic effect of H,S on the nervous system is well
known (57), but the protective effect of H,S on neuronal cells
has not even been imagined. NO may be involved in gluta-
mate neurotoxicity (63). In contrast, sulfur-containing sub-
stances, dimethylsulfoniopropionate (DMSP) and its enzymatic
cleavage product dimethyl sulfide (DMS), have recently been
identified as endogenous scavengers for hydroxyl radicals
and other reactive oxygen species in marine algae (69). Be-
cause H,S, an endogenous reducing agent, is produced by oxi-
dative stress (44), it is possible that H,S functions as an an-
tioxidant. To investigate this possibility, the effect of H,S on
oxytosis was examined using primary cultures of neurons.
Primary cultures of cortical immature neurons, which lack
ionotropic glutamate receptors during their first few days in
culture (48), were prepared from 17-day-old embryonic rat
brains and cultured for 1 day. Most of the neurons died within
24 h after the application of 1 mM glutamate, because gluta-
mate inhibits cystine uptake causing oxidative stress-induced
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cell death, a process called oxytosis (70). H,S protects cells
from glutamate toxicity in a dose-dependent manner (42).
H,S alone caused a significant increase in survival following
plating, protecting cells from the spontaneous cell death that
occurs in primary cultures (2).

Glutamate reduces intracellular glutathione (42), and glu-
tathione is the major endogenous antioxidant (31). H,S alone
increases the levels of the reduced form of glutathione (GSH)
and the oxidized form of glutathione (GSSG) for several hours.
H,S also reinstates intracellular glutathione lowered by gluta-
mate (42). GSH can protect cells from oxidative stress, and
H,S increases the GSH levels both in untreated cells and in
cells where GSH is normally depleted by glutamate. It is likely
that H,S increases glutathione levels instead of functioning
directly as an antioxidant. The endogenous levels of glutathione
(1-8 mM) (32) are much greater than those of H,S (50-160
uM) (57). Therefore, H,S does not itself rescue cells from oxi-
dative stress, but H,S induces the production of a potent an-
tioxidant, glutathione.

Cells can be rescued from oxidative stress by mechanisms
that are either dependent on or independent of glutathione
metabolism. For example, antioxidants such as vitamin E pro-
tect neuronal cells from oxytosis by acting directly as antioxi-
dants even when the intracellular glutathione levels are decreased
(47, 62). In contrast, dihydroxyphenylglycine, an agonist of
group I metabotropic glutamate receptors, protects neurons
by up-regulating glutathione (59). Because H,S rescues neu-
rons by increasing the accumulation of glutathione, the pro-
tection from oxytosis by H,S belongs to the latter class of
mechanisms. The requirement of glutathione for cell survival
induced by H,S is also supported by another observation. A
specific inhibitor of y-GCS, buthionine sulfoximine (31), dose-
dependently suppressed both the levels of glutathione and
cell survival induced by H,S (42).

It is possible that H,S enhances the activity of y-GCS to in-
crease the production of y-glutamylcysteine (y-GC). We found
that H,S does indeed increase the levels of y-GC, leading to
the increase in the levels of glutathione. In the presence of
H,S, the levels of y-GC in cells are increased more than two-
fold of those in cells in the absence of H,S. Even in the pres-
ence of glutamate, H,S increases the levels of y-GC in cells
approximately twofold (42). The increase in y-GC induced by
H,S is not caused by the transcriptional regulation of y-GCS,
but either by the direct activation of the enzyme or through a
translational mechanism.

Glutathione is synthesized from cysteine that is produced
from cystine transported into cells from the outside (7). Oxy-
tosis is caused by the blockade of the cystine/glutamate an-
tiporter that couples the import of cystine and the export of
glutamate (6, 47). The transport of cystine into primary neu-
rons is significantly increased by H,S, and even in the pres-
ence of glutamate H,S significantly reversed the inhibition of
cystine transport by glutamate (42). The H,S-induced recov-
ery of glutamate-suppressed cystine transport may therefore
be involved in the increased production of glutathione and
neuroprotection.

The cystine uptake by the cystine/glutamate antiporter x, -
mediates oxytosis (13). The specific inhibitor for x_-, gluta-
mate, significantly suppresses the cystine uptake, and this in-
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hibition is significantly reduced by H,S, suggesting that an-
tiporter X~ may be involved in the cystine transport recovered
by H,S (42). This is also supported by the following observa-
tions: (a) Endogenous levels of cysteine are increased in the
presence of H,S. (b) At each concentration of extracellular
cystine tested, the glutathione levels are increased by greater
than twofold in the presence of H,S relative to those in the ab-
sence of H,S. (c) When the extracellular concentrations of
cystine are decreased, glutathione levels are decreased in both
the presence and absence of H,S, indicating that the enhanc-
ing effect of H,S on the glutathione levels is dependent on the
extracellular concentrations of cystine (42).

Because H,S is a reducing agent, it is possible that H,S re-
duces cystine to cysteine and enhances the transport of cys-
teine that is transported by the ASC (alanine, serine, and cys-
teine) transporter. The inhibitors for the ASC transporter,
alanine and serine, do not significantly inhibit the cysteine
uptake, nor do they significantly inhibit the cysteine uptake
in the presence of H,S, excluding the possibility that H,S in-
creases the transport of cysteine by enhancing the activity of
the ASC transporter. As cells synthesize little cysteine them-
selves (8), H,S must function by enhancing cystine transport,
leading to the increase in the levels of y-GC and glutathione
(Fig. 2).

H,S is an active molecule and has a strong effect on several
targets. For example, H,S potentiates the induction of LTP by
enhancing the activity of NMDA receptors in neurons, and it
activates Ca2" channels to induce Ca?* waves in astrocytes (1,
50). H,S relaxes smooth muscle by activating ATP-dependent
K* channels (38, 81). In neurons, H,S enhances the activity of
v-GCS and cystine/glutamate antiporter x_.~. The combined
enhancement of the activity of these different targets may
cause an integrated effect that results in the increase in the
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FIG. 2. H,S protects neurons from oxidative stress. H,S
increases cysteine levels by enhancing glutamate/cystine an-
tiporter and y-GCS activity, which produces glutathione. H,S
protects neurons from oxidative stress by increasing levels of
glutathione, a major intracellular antioxidant.

799

levels of glutathione. Although the function is not well under-
stood, the uptake of atmospheric H,S by leaves also increases
the levels of glutathione in plants (37), suggesting that H,S
activates a common pathway in plants and animals to accu-
mulate glutathione.

H,S AS A RELAXANT FOR
SMOOTH MUSCLE

NO has been discovered as an EDRF (26, 54), and CO has
been found to be another gaseous messenger in smooth muscle
(75). CO relaxes smooth muscle of hepatic microcirculation,
whereas it constricts the resistant artery (67, 68). Substances
other than NO, including low-molecular-weight S-nitrosothiol
intermediates, may contribute to the relaxation of smooth mus-
cle (12, 24, 29, 49). A candidate enzyme for the production of
H,S, CSE, is expressed in the ileum, portal vein, and thoracic
aorta (38). The homogenates of these tissues produce H,S,
and this production is blocked by CSE inhibitors (38). Exoge-
nously applied H,S alone relaxes these smooth muscles and
modifies the relaxation of smooth muscle induced by NO. Low
concentrations of H,S enhance smooth muscle relaxation in-
duced by NO in the helical tissue strips of the thoracic aorta
(38). Although a similar enhancing effect of H,S on relaxation
of vas deferens induced by NO was observed (73), the en-
hancing effect of H,S is controversial. In aortic ring prepara-
tions, H,S inhibits the vasorelaxant effect of the NO-producing
agent, SNP (80). H,S production can also be regulated by
NO. H,S production by CSE is increased by SNP, and the ex-
pression of CSE is up-regulated by another NO-producing
agent, SNAP (81).

Based on the observation that H,S significantly relaxes
thoracic aorta even after the removal of endothelial cells (38,
80), the ability of H,S to relax thoracic aorta must be a direct
effect on smooth muscle cells. However, in the presence of
apamin and charybdotoxin, which are used to block the effect
of EDHF (22), the ability of H,S to relax thoracic aorta is at-
tenuated, suggesting that the endothelial cells may release
factors such as EDHF in response to H,S (80).

NO and CO relax smooth muscle by activating guanylyl
cyclase to increase the production of cyclic GMP (39, 63). In
contrast, H,S does not have an effect on the production of
cyclic GMP (1), suggesting a different mechanism for the ef-
fect of H,S. The hyperpolarization induced by H,S is similar
to that induced by NO in small mesenteric arteries in that the
hyperpolarization is suppressed by glibenclamide, a blocker
for K., channels (27, 81). Although the concentration of gliben-
clamide is greater than needed to specifically suppress K,
channels (5, 66), relaxation of the aorta induced by H,S is
also suppressed by glibenclamide (81). Based on these obser-
vations, it has been proposed that the relaxation and hyperpo-
larization of smooth muscle induced by H,S is mediated by
K ;p channels (81). However, in the ileum, glibenclamide does
not have any effect on the relaxation induced by H,S (73).
H,S inhibits contractions of the aorta induced by 20 mM KCl
(81), whereas H,S fails to affect the contractile response to
KCl in the ileum (73). Therefore, a different mechanism may
be involved in the relaxation effect of H,S on the ileum. Al-
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FIG. 3. H,S relaxes smooth muscle. H,S re-
laxes smooth muscle by activating K, chan-
nels. H,S released from smooth muscle may en-
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though further studies are required to elucidate the possibility
of an interaction between H,S and EDHF, accumulating evi-
dence suggests that H,S is a strong candidate for a smooth
muscle relaxant (Fig. 3).

CONCLUSIONS

H,S is an active molecule and has a strong effect on sev-
eral targets. H,S enhances the activity of NMDA receptors in
neurons (1) and elicits Ca2* waves in astrocytes by activating
Ca2* channels (50). H,S enhances the induction of LTP, but
the mechanism is not well understood. As H,S targets both
neurons and glia, H,S may be involved in the modulation of
tripartite synapse in which the activity of glial cells cross-talk
with neurons (1, 4, 50). Another effect on neurons is that H,S
protects neurons by increasing levels of a major and potent
antioxidant glutathione by enhancing the activity of y-GC and
cystine/glutamate transporter instead of functioning directly
as an antioxidant.

Although K, has been proposed to be involved in the va-
sorelaxation induced by H,S (81), K, may not be the major
component of ileum relaxation (73), suggesting additional
targets for H,S in its relaxation effect on smooth muscle. The
combined enhancement of the activity of these different tar-
gets may cause an integrated effect that results in smooth
muscle relaxation.

After H,S stimulates its targets, it has to be cleared from its
site of action. The mechanism of clearance is not understood.
The study of H,S as a physiologically active molecule is just
beginning, but understanding the mechanisms underlying its
physiological function may provide a new insight into the
neurotransmission, protection, and smooth muscle relaxation.

ACKNOWLEDGMENTS

We thank Ms. Y. Okuyama for preparing figures. This
work was supported by a grant to H.K. from the National In-
stitute of Neuroscience, National Center of Neurology and

Psychiatry, Japan, and a Grant-in-Aid for JSPS fellows to
Y.N. from the Ministry of Education, Culture, Sports, Science
and Technology, Japan.

ABBREVIATIONS
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synthase; CO, carbon monoxide; CSE, cystathionine vy-lyase;
DTT, dithiothreitol; EDHF, endothelial-derived hyperpolariz-
ing factor; EDRE, endothelial-derived relaxing factor; y-GC,
v-glutamylcysteine; y-GCS, y-glutamylcysteine synthase; GFAP,
glial fibrillary acidic protein; GSH, reduced form of glu-
tathione; GSSG, oxidized form of glutathione; H,S, hydrogen
sulfide; K, channel, ATP-dependent K* channel; LTP, long-
term potentiation; NMDA, N-methyl-D-aspartate; NO, nitric
oxide; SNAP, S-nitroso-N-acetylpenicillamine; SNP, sodium
nitroprusside; TRP, transient receptor potential.
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