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Hydrogen Sulfide Induces Cyclic AMP

and Modulates the NMDA Receptor
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Hydrogen sulfide (H.,S) is produced endogenously
from L-cysteine in mammalian tissues, and may func-
tion as a neuromodulator in the brain as well as a tone
regulator in smooth muscle. H,S is present at rela-
tively high levels in the brain, and cystathionine
B-synthase (CBS), which is highly expressed in the
hippocampus, is involved in the production of brain
H,S. Physiological concentrations of H,S selectively
enhance NMDA receptor-mediated currents and facil-
itate the induction of hippocampal long-term potenti-
ation (LTP). The NMDA receptor subunits are directly
phosphorylated at specific sites by protein kinase A
(PKA), resulting in the activation of NMDA-receptor-
mediated excitatory postsynaptic currents. PKA acti-
vation is also observed in the induction of LTP. Here
we show that physiological concentrations of H,S in-
crease the production of cAMP in primary cultures of
brain cells, neuronal and glial cell lines, and Xenopus
oocytes. NMDA receptors expressed on Xenopus 00-
cyte membrane are modulated by H,S. This modula-
tion by H,S is specifically inhibited by adenylyl
cyclase-specific inhibitor MDL-12,330A. The present
findings provide a mechanism for the previous obser-
vation that H,S modulates NMDA receptors and en-
hances the induction of LTP. © 2000 Academic Press
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Endogenous hydrogen sulfide (H,S) can be formed
from cysteine by pyridoxal-5’-phosphate-dependent en-
zymes, including cystathionine B-synthase (CBS) and
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cystathionine y-lyase (CSE) (1-4). Endogenous levels
of H,S in the brain have been measured in the rat,
human, and bovine (5-7). The relatively high concen-
tration (50-160 uM) of endogenous H,S in the brain
suggests that it has a physiological function. CBS is
highly expressed in the hippocampus and cerebellum,
and brain homogenates produce H.S in the presence of
cysteine and pyridoxal-5’-phosphate (8). The produc-
tion of H,S is inhibited by CBS inhibitors and is in-
creased by an activator of CBS, indicating that CBS
contributes to the production of endogenous H,S. Al-
though high concentrations of H,S inhibit synaptic re-
sponses, physiological concentrations of H,S facilitate
the induction of LTP in the hippocampus (8). Another
H.S producing enzyme, CSE, is expressed in the ileum,
portal vein, and thoracic aorta (9). These tissues pro-
duce H,S, and H,S relaxes these smooth muscles in
synergy with NO (9). These observations suggest that
endogenous H,S functions as a neuromodulator in the
brain as well as a tone regulator in smooth muscle.

Cyclic-AMP  (c-AMP)-dependent protein Kkinase
(PKA) is a possible regulator of the increase in synaptic
strength during long-term potentiation (LTP). LTP in
the CA1 region is completely blocked when a PKA
inhibitor is injected postsynaptically (10), and PKA
activation has been observed at the initiation of LTP as
well as the late phase of LTP (11, 12). The activation of
the NMDA receptor is required for the induction of
LTP (13, 14). The NMDA receptor subunits NMDARL1,
NMDAR2A and NMDAR2B are directly phosphory-
lated at specific sites by protein kinase A (PKA); the
NMDARL1 subunit contains a consensus PKA phos-
phorylation site (15, 16). The increased activity of ad-
enylyl cyclase and PKA enhances NMDA currents in
dorsal horn (17), amygdala (18), and neostriatum (19),
indicating that the NMDA receptor may be modulated
through the cAMP cascade.

The present study shows that physiological concen-
trations of H,S induced the production of cAMP in
primary cultures of brain cells as well as neuronal and
glial cell lines. H,S modulates NMDA receptor ex-
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Induction of cAMP in primary cultures of brain cells by NaHS. 3 x 10° cells/well of embryonic day 17 primary cultures of cerebral

cortex (a) and cerebellum (b) were cultured in 96-well plates for 1 day (O) or 10 days (m). Cells were exposed to 100 uM IBMX for 10 min and
then NaHS (O and m) was applied in the presence of IBMX and isoproterenol (C1) for 5 min. Cells were lysed and the amounts of cAMP were
measured by using cAMP EIA system (Amersham Pharmacia Biotech). Each experiment was repeated for four times and each value is shown

as mean *= SE.

pressed in Xenopus oocytes, and this activation is
blocked by an adenylyl cyclase specific inhibitor. These
observations suggest that H,S modulates NMDA re-
ceptors by inducing the production of cCAMP.

EXPERIMENTAL PROCEDURES

NaHS was purchased from Aldrich (Wisconsin), and MDL-
12,330A, KT5720, myristoylated PKA inhibitor (14-22) amide were
from Calbiochem (California). cAMP enzyme immunoassay (EIA)
system was purchased from Amersham Pharmacia Biotech (Buck-
inghamshire, UK), and other chemicals were from Sigma (Missouri).

Cerebral and cerebellar neurons were obtained from 17-day-old
embryos of Sprague-Dawley rats and enzymatically dissociated as
described in a previous paper (20). The cells were suspended and
plated on polylysine-coated 96-well microtiter dishes.

For the measurement of cAMP, 1 X 10° cells/well of neuronal cell
lines and 3 X 10° cells/well of primary cultures of cerebral and
cerebellar neurons were incubated for up to 10 days in DMEM
supplemented with 10% fetal calf serum for neuronal cell lines and in
DMEM containing 30 mM glucose, 2 mM glutamine, 1 mM pyruvate
supplemented with 10% fetal calf serum for primary cultures of
neurons. After the application of 100 uM IBMX in serum-free DMEM
for 10 min, NaHS was applied for 5 min in the presence of 100 uM
IBMX. Cells were lysed and amount of cCAMP measured by a cAMP
enzyme immunoassay (EIA) system (Amersham Pharmacia Bio-
tech).

Collagenase-treated oocytes were incubated in Barth's medium (88
mM NacCl, 1mM KClI, 0.33 mM Ca(NOs),, 0.41 mM CacCl,, 0.82 mM
MgSO,, 2.4 mM NaHCO,, 10 mM Hepes, pH 7.4) for four days
following the procedure described (21). Oocytes were exposed to 5 uM
IBMX for 10 min, then NaHS applied in the presence of IBMX for 5
min in frog Ringer solution (120 mM NacCl, 2 mM KCI, 1.8 mM CacCl,,
5 mM Hepes, pH 7.4). Four oocytes in each group were lysed and the
amounts of cAMP measured by using cAMP EIA system (Amersham
Pharmacia Biotech).

For expression in Xenopus oocytes, plasmids containing NMDAR1
and NMDAR2A cDNAs obtained from Dr. Nakanishi were linearized
with restriction enzymes and transcribed with T3 and T7 RNA
polymerase. 50 nl of the resultant cRNA solutions (1 ng/nl) were
injected into Xenopus oocytes, and the oocytes were incubated for
four days in modified Barth’'s medium. Current recordings were
performed in frog Ringer solution by using the two electrode voltage
clamp system (Axoclamp 2A, Axon Instrument) as described (21).
The membrane potential of oocytes was clamped at —55 mV.

For measurement of the onset time to respond to NMDA, the frog
Ringer solution stained with methylene blue was used to check the
time for frog Ringer solution flew from the valve to reach oocytes. The
time was subtracted from the total time, and it was shown as the
time required to respond to NMDA.

RESULTS AND DISCUSSION

Since cAMP regulates the activity of the NMDA re-
ceptor as well as the induction of LTP (11, 15-19, 22,
23), and since H,S potentiates NMDA receptor-
mediated currents and enhances the induction of LTP
(8), it is possible that the effects of H,S are mediated by
CAMP. This possibility was examined by applying
NaHS in the presence of 100 uM IBMX to primary
cultures of rat cortical and cerebellar neurons. Primary
cultures of neurons prepared from cerebral cortex and
cerebellum responded to 1 uM NaHS and reached a
maximum response at 30 uM (Fig. 1). Concentrations
higher than 100 uM had less than maximal effective-
ness (Fig. 1). Primary cultures of neurons incubated for
1 day and for 10 days respond equally well to NaHS
(Fig. 1). The B-adrenergic agonist, isoproterenol, in-
creases the production of cCAMP in a dose-dependent
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FIG. 2. Induction of cAMP in neuronal and glial cell lines by
NaHS. 1 x 102 cells/well of B12 (O), B49 (X), B50 (®), B103 (), and
B104 (m) were cultured in 96-well plates for 24 hrs. Cells were
exposed to 100 uM IBMX for 10 min and then NaHS was applied in
the presence of IBMX for 5 min. Cells were lysed and the amounts of
cAMP were measured by using cAMP EIA system (Amersham Phar-
macia Biotech). Each experiment was repeated four times and each
value is shown as mean * SE.

manner, and the response is saturated at 30 uM (Fig.
1). These observations show that primary cultures of
neurons respond to H,S by the production of cAMP.

To determine which cell type in the brain responds to
H.S, the effect of H,S on neuronal and glial cell lines
established from the rat brain was tested (24). B50,
B103 and B104 are nerve cells and produce regenera-
tive action potentials, while B12 and B49 cells are glia
(24). After the application of 100 uM IBMX for 10 min,
NaHS was applied for 5 min in the presence of 100 uM
IBMX. Cells were lysed and the amount of cCAMP mea-
sured by a cCAMP enzyme immunoassay (EIA) system
(Amersham Pharmacia Biotech). NaHS induced the
production of cAMP, with a maximum induction at 10
M in B12 and B50 cells. Concentrations higher than
100 uM were less efficient in the production of cCAMP
than 10 uM (Fig. 2). B49 also weakly responded to
NaHS and produced cAMP. In contrast, NaHS did not
induce cAMP in B103 and B104 (Fig. 2). These obser-
vations show that both neuronal and glial cells can
respond to NaHS, and that cAMP can be produced as a
second messenger for H,S signal transduction in the
responding cells.

Since the activation of adenylyl cyclase and PKA
enhances NMDA receptor activity with the production
of cAMP (17-19), and since H,S induces the production
of CAMP in the primary cultures of brain cells, it is
possible that H,S regulates the function of the NMDA
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receptor by inducing the production of cAMP. To ad-
dress this problem, we examined the effect of H,S on
NMDA receptor expressed in Xenopus oocytes. Since
H.S induces the production of cAMP in primary cul-
tures of CNS neurons as well as neuronal and glial cell
lines, H,S may also stimulate the production of cAMP
in Xenopus oocytes. To examine this possibility, the
effects of H,S on the production of cCAMP in the Xeno-
pus oocytes were examined. Collagenase-treated oo-
cytes were incubated in Barth's Medium for four days,
and the oocytes were exposed to 5 uM IBMX for 10 min.
Exposure of oocytes to NaHS in the presence of 5 uM
IBMX for 5 min induced the production of cCAMP in a
dose-dependent manner, which reached to a maximum
at 100 uM (Fig. 3). The production of cAMP was
blocked by 200 uM MDL-12,330A, an adenylyl cyclase
specific inhibitor (Fig. 3). These observations indicate
that Xenopus oocytes respond to H,S and produce
cAMP, and allow us to assay NMDA receptor activity
in the presence of H,S.

Oocytes expressing NMDA receptors were exposed to
5 uM IBMX and NaHS for 5 min, and 100 uM NMDA
with 10 uM glycine was applied and time required to
respond to NMDA measured (Fig. 4a). NaHS decreased
the time required to respond to NMDA in a dose-
dependent manner (Fig. 4b). This effect of NaHS was
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FIG. 3. Induction of cAMP in Xenopus oocytes by NaHS.
Collagenase-treated oocytes were incubated in Barth’'s medium for
four days following the procedure described (21). Oocytes were ex-
posed to 5 uM IBMX for 10 min and then NaHS was applied in the
presence of IBMX for 5 min. Four oocytes in each group were lysed
with and the amounts of cCAMP were measured by using CAMP EIA
system (Amersham Pharmacia Biotech). Each experiment was re-
peated four times and each value was shown as mean * SE. The
values induced by NaHS are significantly different from those of
control (*P < 0.05 by Student t-test). 200 uM MDL-12,330A signif-
icantly blocked the effect of 100 uM NaHS (**P < 0.05).
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FIG. 4. The activation of NMDA receptor by NaHS. (a) Repre-
sentative physiological responses of NMDA receptor expressed on
Xenopus oocyte membrane. Oocytes were voltage clamped as de-
scribed (Kimura and Schubert, 1993) and exposed to NaHS and 5 uM
IBMX for 5 min. Then 100 uM NMDA with 10 uM glycine was
applied to the oocytes at the time indicated by arrow, and the time
required to respond to NMDA was measured. (b) Time required to
respond to NMDA. Each experiment was repeated four times and
each value is shown as mean = SE. The values induced by NaHS are
significantly different from those of control (*P < 0.05 by Student
t-test). 200 M MDL-12,330A significantly blocked the effect of 10
uM NaHS (***P < 0.05).

suppressed by 200 uM MDL-12,330A (Fig. 4b). Concen-
trations higher than 200 uM MDL-12,330A made the
membrane potential of the Xenopus oocyte unstable,
and were not used to test for the complete inhibition of
the effect of NaHS. These observations suggest that
H.S increases the sensitivity of NMDA receptor to its
ligand by inducing the production of cCAMP.
Physiological concentrations of H,S induce the pro-
duction of cCAMP in the primary cultures of CNS neu-
rons as well as in the neuronal and glial cell lines. Both
B12, cells of glial origin, and B50, excitable cells of
neural origin respond to H,S and produce cAMP. B49,
another glial cell line, weakly responds to H,S (Fig. 2).
In contrast, B103 AND B104, excitable cells of neuro-
nal origin do not respond to NaHS (Fig. 2). These
observations suggest that some neuronal and glial cells
may have receptors for H,S which lead to the produc-
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tion of CAMP. Alternatively, the cells sensitive to H,S
may have a type of adenylyl cyclase which is activated
directly by H,S.

It is interesting to note that responses to isoproter-
enol are saturated at 10 uM, while concentrations of
NaHS higher than 100 wM induce less cCAMP than the
lower concentrations. One possibility is that high con-
centrations of H,S are toxic (8). Another possibility is
that the receptor for H,S, if any, may desensitize at
higher concentrations.

The present observations that H,S facilitates the
activity of the NMDA receptor support our previous
finding that H,S enhances the NMDA receptor-
mediated currents in the brain slices (8). An additional
experiment to support the involvement of PKA in the
activation of NMDA receptors by H,S is to test whether
the PKA inhibitors suppress the effect of H,S. PKA
specific inhibitors, KT 5720 and myristoylated PKA
inhibitor (14-22) amide caused an instability in the
resting membrane potential of Xenopus oocytes, mak-
ing it difficult to examine the effect of these com-
pounds. The above data show that in contrast to the
other gaseous neurotransmitters/modulators, NO and
CO, which activate guanylyl cyclase and increase the
production of cGMP (25-26), H,S has a unique signal
transduction pathway. It is therefore likely that H,S
has a significant physiological function within the ner-
vous system.
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