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Hydrogen sulfide (H2S) is produced endogenously
rom L-cysteine in mammalian tissues, and may func-
ion as a neuromodulator in the brain as well as a tone
egulator in smooth muscle. H2S is present at rela-
ively high levels in the brain, and cystathionine
-synthase (CBS), which is highly expressed in the
ippocampus, is involved in the production of brain
2S. Physiological concentrations of H2S selectively

nhance NMDA receptor-mediated currents and facil-
tate the induction of hippocampal long-term potenti-
tion (LTP). The NMDA receptor subunits are directly
hosphorylated at specific sites by protein kinase A
PKA), resulting in the activation of NMDA-receptor-

ediated excitatory postsynaptic currents. PKA acti-
ation is also observed in the induction of LTP. Here
e show that physiological concentrations of H2S in-

rease the production of cAMP in primary cultures of
rain cells, neuronal and glial cell lines, and Xenopus
ocytes. NMDA receptors expressed on Xenopus oo-
yte membrane are modulated by H2S. This modula-
ion by H2S is specifically inhibited by adenylyl
yclase-specific inhibitor MDL-12,330A. The present
ndings provide a mechanism for the previous obser-
ation that H2S modulates NMDA receptors and en-
ances the induction of LTP. © 2000 Academic Press

Key Words: hydrogen sulfide; gaseous neuromodula-
or; cAMP; NMDA receptor.

Endogenous hydrogen sulfide (H2S) can be formed
rom cysteine by pyridoxal-59-phosphate-dependent en-
ymes, including cystathionine b-synthase (CBS) and

Abbreviations used: H2S, hydrogen sulfide; CBS, cystathionine
-synthase; NMDA, N-methyl-D-aspartate; LTP, long-term potenti-
tion; PKA, protein kinase A; cAMP, cyclic adenosine monophos-
hate; IBMX, 3-isobutyl-1-methylxanthine; MDL-12,330A, cis-N-(2-
henylcyclopentyl)azacyclotridec-1-en-2-amine), HCl; cGMP, cyclic
uanosine monophosphate.
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-1-1 Ogawahigashi, Kodaira, Tokyo 187-8551, Japan. Fax: 181-42-
46-1755. E-mail: kimura@ncnp.go.jp.
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f H2S in the brain have been measured in the rat,
uman, and bovine (5–7). The relatively high concen-
ration (50–160 mM) of endogenous H2S in the brain
uggests that it has a physiological function. CBS is
ighly expressed in the hippocampus and cerebellum,
nd brain homogenates produce H2S in the presence of
ysteine and pyridoxal-59-phosphate (8). The produc-
ion of H2S is inhibited by CBS inhibitors and is in-
reased by an activator of CBS, indicating that CBS
ontributes to the production of endogenous H2S. Al-
hough high concentrations of H2S inhibit synaptic re-
ponses, physiological concentrations of H2S facilitate
he induction of LTP in the hippocampus (8). Another

2S producing enzyme, CSE, is expressed in the ileum,
ortal vein, and thoracic aorta (9). These tissues pro-
uce H2S, and H2S relaxes these smooth muscles in
ynergy with NO (9). These observations suggest that
ndogenous H2S functions as a neuromodulator in the
rain as well as a tone regulator in smooth muscle.
Cyclic-AMP (c-AMP)-dependent protein kinase

PKA) is a possible regulator of the increase in synaptic
trength during long-term potentiation (LTP). LTP in
he CA1 region is completely blocked when a PKA
nhibitor is injected postsynaptically (10), and PKA
ctivation has been observed at the initiation of LTP as
ell as the late phase of LTP (11, 12). The activation of

he NMDA receptor is required for the induction of
TP (13, 14). The NMDA receptor subunits NMDAR1,
MDAR2A and NMDAR2B are directly phosphory-

ated at specific sites by protein kinase A (PKA); the
MDAR1 subunit contains a consensus PKA phos-
horylation site (15, 16). The increased activity of ad-
nylyl cyclase and PKA enhances NMDA currents in
orsal horn (17), amygdala (18), and neostriatum (19),
ndicating that the NMDA receptor may be modulated
hrough the cAMP cascade.

The present study shows that physiological concen-
rations of H2S induced the production of cAMP in
rimary cultures of brain cells as well as neuronal and
lial cell lines. H2S modulates NMDA receptor ex-
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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ressed in Xenopus oocytes, and this activation is
locked by an adenylyl cyclase specific inhibitor. These
bservations suggest that H2S modulates NMDA re-
eptors by inducing the production of cAMP.

XPERIMENTAL PROCEDURES

NaHS was purchased from Aldrich (Wisconsin), and MDL-
2,330A, KT5720, myristoylated PKA inhibitor (14–22) amide were
rom Calbiochem (California). cAMP enzyme immunoassay (EIA)
ystem was purchased from Amersham Pharmacia Biotech (Buck-
nghamshire, UK), and other chemicals were from Sigma (Missouri).

Cerebral and cerebellar neurons were obtained from 17-day-old
mbryos of Sprague-Dawley rats and enzymatically dissociated as
escribed in a previous paper (20). The cells were suspended and
lated on polylysine-coated 96-well microtiter dishes.
For the measurement of cAMP, 1 3 103 cells/well of neuronal cell

ines and 3 3 103 cells/well of primary cultures of cerebral and
erebellar neurons were incubated for up to 10 days in DMEM
upplemented with 10% fetal calf serum for neuronal cell lines and in
MEM containing 30 mM glucose, 2 mM glutamine, 1 mM pyruvate

upplemented with 10% fetal calf serum for primary cultures of
eurons. After the application of 100 mM IBMX in serum-free DMEM

or 10 min, NaHS was applied for 5 min in the presence of 100 mM
BMX. Cells were lysed and amount of cAMP measured by a cAMP
nzyme immunoassay (EIA) system (Amersham Pharmacia Bio-
ech).

Collagenase-treated oocytes were incubated in Barth’s medium (88
M NaCl, 1mM KCl, 0.33 mM Ca(NO3)2, 0.41 mM CaCl2, 0.82 mM
gSO4, 2.4 mM NaHCO3, 10 mM Hepes, pH 7.4) for four days

ollowing the procedure described (21). Oocytes were exposed to 5 mM
BMX for 10 min, then NaHS applied in the presence of IBMX for 5
in in frog Ringer solution (120 mM NaCl, 2 mM KCl, 1.8 mM CaCl2,
mM Hepes, pH 7.4). Four oocytes in each group were lysed and the
mounts of cAMP measured by using cAMP EIA system (Amersham
harmacia Biotech).

FIG. 1. Induction of cAMP in primary cultures of brain cells by N
ortex (a) and cerebellum (b) were cultured in 96-well plates for 1 day
hen NaHS (E and ■) was applied in the presence of IBMX and isopr
easured by using cAMP EIA system (Amersham Pharmacia Biotech

s mean 6 SE.
130
For expression in Xenopus oocytes, plasmids containing NMDAR1
nd NMDAR2A cDNAs obtained from Dr. Nakanishi were linearized
ith restriction enzymes and transcribed with T3 and T7 RNA
olymerase. 50 nl of the resultant cRNA solutions (1 ng/nl) were
njected into Xenopus oocytes, and the oocytes were incubated for
our days in modified Barth’s medium. Current recordings were
erformed in frog Ringer solution by using the two electrode voltage
lamp system (Axoclamp 2A, Axon Instrument) as described (21).
he membrane potential of oocytes was clamped at 255 mV.
For measurement of the onset time to respond to NMDA, the frog
inger solution stained with methylene blue was used to check the

ime for frog Ringer solution flew from the valve to reach oocytes. The
ime was subtracted from the total time, and it was shown as the
ime required to respond to NMDA.

ESULTS AND DISCUSSION

Since cAMP regulates the activity of the NMDA re-
eptor as well as the induction of LTP (11, 15–19, 22,
3), and since H2S potentiates NMDA receptor-
ediated currents and enhances the induction of LTP

8), it is possible that the effects of H2S are mediated by
AMP. This possibility was examined by applying
aHS in the presence of 100 mM IBMX to primary

ultures of rat cortical and cerebellar neurons. Primary
ultures of neurons prepared from cerebral cortex and
erebellum responded to 1 mM NaHS and reached a
aximum response at 30 mM (Fig. 1). Concentrations

igher than 100 mM had less than maximal effective-
ess (Fig. 1). Primary cultures of neurons incubated for
day and for 10 days respond equally well to NaHS

Fig. 1). The b-adrenergic agonist, isoproterenol, in-
reases the production of cAMP in a dose-dependent

. 3 3 103 cells/well of embryonic day 17 primary cultures of cerebral
) or 10 days (■). Cells were exposed to 100 mM IBMX for 10 min and
renol (h) for 5 min. Cells were lysed and the amounts of cAMP were
ach experiment was repeated for four times and each value is shown
aHS
(E

ote
). E
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anner, and the response is saturated at 30 mM (Fig.
). These observations show that primary cultures of
eurons respond to H2S by the production of cAMP.
To determine which cell type in the brain responds to
2S, the effect of H2S on neuronal and glial cell lines

stablished from the rat brain was tested (24). B50,
103 and B104 are nerve cells and produce regenera-

ive action potentials, while B12 and B49 cells are glia
24). After the application of 100 mM IBMX for 10 min,
aHS was applied for 5 min in the presence of 100 mM

BMX. Cells were lysed and the amount of cAMP mea-
ured by a cAMP enzyme immunoassay (EIA) system
Amersham Pharmacia Biotech). NaHS induced the
roduction of cAMP, with a maximum induction at 10
M in B12 and B50 cells. Concentrations higher than
00 mM were less efficient in the production of cAMP
han 10 mM (Fig. 2). B49 also weakly responded to
aHS and produced cAMP. In contrast, NaHS did not

nduce cAMP in B103 and B104 (Fig. 2). These obser-
ations show that both neuronal and glial cells can
espond to NaHS, and that cAMP can be produced as a
econd messenger for H2S signal transduction in the
esponding cells.

Since the activation of adenylyl cyclase and PKA
nhances NMDA receptor activity with the production
f cAMP (17–19), and since H2S induces the production
f cAMP in the primary cultures of brain cells, it is
ossible that H2S regulates the function of the NMDA

FIG. 2. Induction of cAMP in neuronal and glial cell lines by
aHS. 1 3 103 cells/well of B12 (E), B49 (X), B50 (F), B103 (h), and
104 (■) were cultured in 96-well plates for 24 hrs. Cells were
xposed to 100 mM IBMX for 10 min and then NaHS was applied in
he presence of IBMX for 5 min. Cells were lysed and the amounts of
AMP were measured by using cAMP EIA system (Amersham Phar-
acia Biotech). Each experiment was repeated four times and each

alue is shown as mean 6 SE.
131
ress this problem, we examined the effect of H2S on
MDA receptor expressed in Xenopus oocytes. Since
2S induces the production of cAMP in primary cul-

ures of CNS neurons as well as neuronal and glial cell
ines, H2S may also stimulate the production of cAMP
n Xenopus oocytes. To examine this possibility, the
ffects of H2S on the production of cAMP in the Xeno-
us oocytes were examined. Collagenase-treated oo-
ytes were incubated in Barth’s Medium for four days,
nd the oocytes were exposed to 5 mM IBMX for 10 min.
xposure of oocytes to NaHS in the presence of 5 mM

BMX for 5 min induced the production of cAMP in a
ose-dependent manner, which reached to a maximum
t 100 mM (Fig. 3). The production of cAMP was
locked by 200 mM MDL-12,330A, an adenylyl cyclase
pecific inhibitor (Fig. 3). These observations indicate
hat Xenopus oocytes respond to H2S and produce
AMP, and allow us to assay NMDA receptor activity
n the presence of H2S.

Oocytes expressing NMDA receptors were exposed to
mM IBMX and NaHS for 5 min, and 100 mM NMDA
ith 10 mM glycine was applied and time required to

espond to NMDA measured (Fig. 4a). NaHS decreased
he time required to respond to NMDA in a dose-
ependent manner (Fig. 4b). This effect of NaHS was

FIG. 3. Induction of cAMP in Xenopus oocytes by NaHS.
ollagenase-treated oocytes were incubated in Barth’s medium for

our days following the procedure described (21). Oocytes were ex-
osed to 5 mM IBMX for 10 min and then NaHS was applied in the
resence of IBMX for 5 min. Four oocytes in each group were lysed
ith and the amounts of cAMP were measured by using cAMP EIA

ystem (Amersham Pharmacia Biotech). Each experiment was re-
eated four times and each value was shown as mean 6 SE. The
alues induced by NaHS are significantly different from those of
ontrol (*P , 0.05 by Student t-test). 200 mM MDL-12,330A signif-
cantly blocked the effect of 100 mM NaHS (**P , 0.05).
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uppressed by 200 mM MDL-12,330A (Fig. 4b). Concen-
rations higher than 200 mM MDL-12,330A made the
embrane potential of the Xenopus oocyte unstable,

nd were not used to test for the complete inhibition of
he effect of NaHS. These observations suggest that

2S increases the sensitivity of NMDA receptor to its
igand by inducing the production of cAMP.

Physiological concentrations of H2S induce the pro-
uction of cAMP in the primary cultures of CNS neu-
ons as well as in the neuronal and glial cell lines. Both
12, cells of glial origin, and B50, excitable cells of
eural origin respond to H2S and produce cAMP. B49,
nother glial cell line, weakly responds to H2S (Fig. 2).
n contrast, B103 AND B104, excitable cells of neuro-
al origin do not respond to NaHS (Fig. 2). These
bservations suggest that some neuronal and glial cells
ay have receptors for H2S which lead to the produc-

FIG. 4. The activation of NMDA receptor by NaHS. (a) Repre-
entative physiological responses of NMDA receptor expressed on
enopus oocyte membrane. Oocytes were voltage clamped as de-
cribed (Kimura and Schubert, 1993) and exposed to NaHS and 5 mM
BMX for 5 min. Then 100 mM NMDA with 10 mM glycine was
pplied to the oocytes at the time indicated by arrow, and the time
equired to respond to NMDA was measured. (b) Time required to
espond to NMDA. Each experiment was repeated four times and
ach value is shown as mean 6 SE. The values induced by NaHS are
ignificantly different from those of control (*P , 0.05 by Student
-test). 200 mM MDL-12,330A significantly blocked the effect of 10
M NaHS (***P , 0.05).
132
ay have a type of adenylyl cyclase which is activated
irectly by H2S.
It is interesting to note that responses to isoproter-

nol are saturated at 10 mM, while concentrations of
aHS higher than 100 mM induce less cAMP than the

ower concentrations. One possibility is that high con-
entrations of H2S are toxic (8). Another possibility is
hat the receptor for H2S, if any, may desensitize at
igher concentrations.
The present observations that H2S facilitates the

ctivity of the NMDA receptor support our previous
nding that H2S enhances the NMDA receptor-
ediated currents in the brain slices (8). An additional

xperiment to support the involvement of PKA in the
ctivation of NMDA receptors by H2S is to test whether
he PKA inhibitors suppress the effect of H2S. PKA
pecific inhibitors, KT 5720 and myristoylated PKA
nhibitor (14–22) amide caused an instability in the
esting membrane potential of Xenopus oocytes, mak-
ng it difficult to examine the effect of these com-
ounds. The above data show that in contrast to the
ther gaseous neurotransmitters/modulators, NO and
O, which activate guanylyl cyclase and increase the
roduction of cGMP (25–26), H2S has a unique signal
ransduction pathway. It is therefore likely that H2S
as a significant physiological function within the ner-
ous system.
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