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Hydrogen Sulfide Attenuates Opioid Dependence
by Suppression of Adenylate Cyclase/cAMP Pathway
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Abstract

Aims: The best-established mechanism of opioid dependence is the up-regulation of adenylate cyclase (AC)/
cAMP pathway, which was reported to be negatively regulated by hydrogen sulfide (H,S), a novel endogenous
neuromodulator. The present study was, therefore, designed to determine whether H,S is able to attenuate the
development of opioid dependence via down-regulating AC/cAMP pathway. Results: We demonstrated that
application of sodium hydrosulphide (NaHS) and GYY4137, two donors of H,S, significantly alleviated
naloxone-induced robust withdrawal jumping (the most sensitive and reliable index of opioid physical
dependence) in morphine-treated mice. Repeated treatment with NaHS inhibited the up-regulated protein ex-
pression of AC in the striatum of morphine-dependent mice. Furthermore, NaHS also attenuated morphine/
naloxone-elevated mRNA levels of AC isoform 1 and 8, production of cAMP, and phosphorylation of cAMP
response element-binding protein (CREB) in mice striatum. These effects were mimicked by the application of
exogenous H,S or over-expression of cystathione-f-synthase, an H,S -producing enzyme, in SH-SY5Y neuronal
cells on treatment with [D-Ala® N-Me-Phe* Gly”-ol]-Enkephalin, a selective u-opioid receptor agonist. Blockade
of extracellular-regulated protein kinase 1/2 (ERK1/2) with its specific inhibitor attenuated naloxone-induced
CREB phosphorylation. Pretreatment with NaHS or stimulation of endogenous H,S production also significantly
suppressed opioid withdrawal-induced ERK1/2 activation in mice striatum or SH-SY5Y cells. Innovation: H,S
treatment is important in prevention of the development of opioid dependence via suppression of cAMP
pathway in both animal and cellular models. Conclusion: Our data suggest a potential role of H,S in attenuating
the development of opioid dependence, and the underlying mechanism is closely related to the inhibition of
AC/cAMP pathway. Antioxid. Redox Signal. 20, 31-41.

Introduction syndrome is very important to prevent the development of
opioid dependence.

OPIOIDS PRODUCE ANALGESIA in both the central nervous It has been known that the best-established mechanism

system (CNS) and the periphery. Repeated exposure to  underlying the development of opioid dependence and

opioids leads to the development of dependence, which can ~ withdrawal is the up-regulation of cAMP pathway (30). Per-
be assessed by observing the emergence of a withdrawal sistent activation of opioid receptors after chronic opioid ex-
syndrome after discontinuation of chronic opioid adminis- posure results in supersensitivity of the adenylate cyclase
tration (spontaneous withdrawal) or the administration of a  (AC) system (48). The mechanisms for AC supersensitivity
competitive opioid antagonist such as naloxone (precipitated include up-regulation of AC protein expression (40), AC
withdrawal) (28). Withdrawal-induced symptoms are the stimulation by Gfy (1), and AC phosphorylation by various
main cause of keeping drug-dependent individuals craving protein kinases (2). AC supersensitivity may further in-
for continued opioids. So, the manner of relieving withdrawal = duce alteration in the transcription factor cAMP response
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Innovation

Hydrogen sulfide (H,S) has been demonstrated to be a
novel endogenous neuromodulator, and it plays a role in
the regulation of adenylate cyclase (AC)/cAMP pathway.
Until now, the role of H,S in the development of opioid
dependence has not been investigated. We show here that
H,S significantly attenuates the development of opioid
dependence via suppression of AC/cAMP/CREB path-
way in both animal and cellular models. These findings
provide a potential molecular target for pharmacological
intervention to relieve withdrawal-induced symptoms and
prevent the development of opioid dependence.

element-binding protein (CREB) in a variety of neuronal cell
lines (16, 48) as well as distinct areas of the CNS (12, 31).
Previous studies demonstrated that down-regulation of the
cAMP pathway via infusion of its inhibitors into certain brain
regions or knockout-specific AC isotypes such as AC1 and
ACS8 reduced opioid dependence by attenuation of the with-
drawal symptoms in rodents (36, 49).

Hydrogen sulfide (H,S), a new biological gaseous trans-
mitter alongside nitric oxide and carbon monoxide, is
mainly synthesized by cystathione-f-synthase (CBS) and
3-mercaptopyruvate sulfurtransferase (3-MST) in the CNS
(14). It presents in the brain at a relatively high level and may
function as a neuromodulator (7, 15). We previously reported
that sodium hydrosulphide (NaHS, a donor of H,S) signifi-
cantly suppressed AC activity and, therefore, decreased for-
skolin-stimulated cAMP accumulation in different cell lines
and tissues (25, 27, 47). It suggests that H,S plays a role in the
down-regulation of AC/cAMP pathway. This prompts us to
examine whether H,S produces any effect on preventing the
development of opioid dependence via suppression of the
AC/cAMP pathway.

In this study, we examined the role of H,S in the develop-
ment of opioid dependence in both cellular and animal models.
We demonstrated that administration of NaHS and GYY4137
markedly attenuated naloxone-precipitated withdrawal
jumping (the most sensitive and reliable index of opioid
physical dependence) in morphine-dependent mice. We also
found that repeated treatment with NaHS significantly in-
hibited the up-regulation of AC expression, cAMP accumula-
tion, and CREB phosphorylation in the mice striatum after
chronic morphine administration. In addition, similar results
were also found in SH-SY5Y neuronal cells on application of
exogenous H,S or stimulation of endogenous H,S production.
These results suggest a potential role of H,S in prevention of
the development of opioid dependence and that is closely re-
lated to the inhibition effect of H,S on the cAMP pathway.

Results

H»S donors treatment attenuates naloxone-
precipitated withdrawal jumping in morphine-
dependent mice

Among withdrawal behaviors in morphine-dependent ro-
dents (especially mice), jumping is widely considered the
most sensitive and reliable index, and it is commonly used to
test the state of morphine physical dependence (30). To set up
a chronic morphine dependence mouse model, animals re-
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ceived morphine (20, 30, 40, 50 mg/kg) injection twice a day
for 4 days and once (20mg/kg) on Day 5. An injection of
naloxone (an opioid antagonist, 10 mg/kg) at 4 h after the last
injection of morphine induced robust withdrawal jumping in
morphine-dependent mice (Mor, n=11). The withdrawal
jumping was obviously attenuated by the treatment with
NaHS (5.6 mg/kg) 30 min before each injection of morphine
(S+Mor, n=11) (Fig. 1A). We also observed other withdrawal
symptoms such as weight loss (Fig. 1B) and rearing (Fig. 1C).
However, we failed to find that NaHS alone produced a sig-
nificant effect on these symptoms.

We also tested the effect of GYY4137 (a slow-releasing H,S
donor) on the development of morphine dependence. It
was found that GYY4137 significantly alleviated naloxone-
induced robust withdrawal jumping (Fig. 1D) and rearing
(Fig. 1F) in morphine-treated mice (G+Mor, n=10). We also
observed a clear trend that the duration of withdrawal jumping
in the GYY-pretreated group (72.9+26.2s) was much shorter
than that of the morphine-treated group (233.6+77.9s), al-
though no significant difference was found. However, itis worth
noting that GYY4137 may also produce some potential adverse
effects on the body weight (Fig. 1E). GYY4137 may further de-
crease the body weight of mice due to diarrhea on morphine
withdrawal. More studies are warranted to test the mechanisms
for this gastrointestinal adverse effect of GY'Y4137. Nonetheless,
these results further support a potential role of H,S in attenu-
ating the development of opioid dependence and withdrawal.

NaHS treatment attenuates the upregulation
of AC expression in the striatum
of the morphine-dependent mice

Repeated morphine treatment causes the up-regulation of
AC/cAMP pathway in certain brain regions, such as striatum,
prefrontal cortex, and hippocampus, and these neuroadaptive
changes in the brain form the neurobiological basis for mor-
phine dependence and withdrawal (30). In the present study,
we found that chronic morphine treatment markedly elevated
the expression of AC protein (150-180 KDa) in the striatum and
prefrontal cortex (Fig. 2A, B), but not in the hippocampus (Fig.
2C). The up-regulation of AC in the striatum was markedly
attenuated by NaHS pretreatment (Fig. 2A). Although there
was the same trend in the prefrontal cortex, no significant
difference was found (Fig. 2B). In a separate experiment, NaHS
alone had no significant effects on the expression of AC protein
in the above three brain regions (data not shown).

Since the effect of morphine was more obvious in the
striatum, we then detected the mRNA expression of different
AC isotypes in the striatum with reverse transcription-
polymerase chain reaction (RT-PCR). As shown in Figure 3A
and B, the mRNA expression levels for AC1 and ACS, but not
AC2 and AC5, were significantly increased in the striatum of
morphine-dependent mice. NaHS pretreatment almost abol-
ished the up-regulated AC1 and AC8 expression. In a separate
experiment, NaHS alone had no significant effects on the
mRNA levels of all above AC isotypes (data not shown).

NaHS treatment inhibits cAMP accumulation
and CREB phosphorylation in the striatum
of morphine-dependent mice

We continued to examine the effect of H,S on cAMP ac-
cumulation in mice striatum. As shown in Figure 4A,
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morphine withdrawal induced cAMP elevation in the stria-
tum of morphine-treated mice. This effect was reversed by
pretreatment with NaHS. These data suggest that H,S may
inhibit cAMP accumulation in special brain region via sup-
pression of morphine-up-regulated AC expression.

CREB is an important transcription factor in mediating the
up-regulation of the cAMP pathway that is associated with
opioid dependence (6, 45). Elevation of cAMP production
triggers the phosphorylation of CREB. We then examined
CREB phosphorylation in the striatum of morphine-dependent
mice. As shown in Figure 4B and C, the expression of p-CREB
protein was markedly increased in the morphine-treated
group, and the effect was abolished by NaHS pretreatment.

Application of exogenous H,S or stimulation

of endogenous H»>S production inhibits cAMP rebound
and AC up-regulation caused by DAMGO withdrawal
in SH-SY5Y cells

To study the signaling mechanism, we established a cellular
model with SH-SY5Y neuronal cells. SH-SY5Y cells were trea-

FIG. 2. Effect of NaHS pre-
treatment on AC protein ex-
pression in the brain regions
of morphine-treated mice. (A)
striatum; (B) prefrontal cortex;
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ted with [D-Ala* N-Me-Phe* Gly™-ol]-Enkephalin (DAMGO,
a selective p-opioid receptor agonist, 10 uM) for 24 h followed
by the addition of naloxone (100 uM) (D+Nal) or washout
(D+W). We found that both naloxone precipitation and
washout rapidly and markedly elevated cAMP level (a hall-
mark of opioid withdrawal in the cell), and these effects were
prevented by pretreatment with NaHS (10 uM) for 10 min
before the addition of DAMGO (Fig. 5A). However, naloxone-
induced cAMP rebound cannot be abolished by the applica-
tion of NaHS 30 min before naloxone administration (D+S+
Nal) (Fig. 5B). We further examined the mRNA expression of
AC1 and AC8 in DAMGO-treated SH-SY5Y cells via RT-PCR.
As shown in Figure 5C and D, mRNA expression of AC1 but
not AC8 was markedly up-regulated after chronic DAMGO
treatment (10 uM, 24h), and this effect was prevented by
NaHS pretreatment.

To examine the role of endogenous H,S, SH-SY5Y cells
were transfected with the cDNAs of CBS, the main enzyme to
produce H,S in these cells, or its empty vector (PME185-HA).
The result showed that the expression of CBS in the CBS-
transfected group was significantly higher than that in the
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control group and vector-transfected group (Fig. 6A). Over-
expression of CBS, but not its vector, significantly suppressed
forskolin-induced cAMP production (Fig. 6B). Interestingly,
administration of naloxone failed to induce cAMP rebound in
the CBS-transfected SH-SY5Y cells (Fig. 6B). These data sug-
gest that endogenous H,S is important in the regulation
of intracellular cAMP level and naloxone-induced cAMP
rebound.

Similar to what we observed earlier, we found that over-
expression of CBS, but not its vector, significantly suppressed
DAMGO-induced AC1 up-regulation (Fig. 6C, D). The data
also confirmed the inhibitory effect of H,S on AC expression.

Application of exogenous H»S or stimulation
of endogenous H>S production attenuates CREB
phosphorylation in DAMGO-treated SH-SY5Y cells

In SH-SY5Y cells, CREB was also significantly phosphor-
ylated after naloxone-precipitated withdrawal (D +Nal) (Fig.
7A). Interestingly, the up-regulated CREB phosphorylation
caused by naloxone precipitation was abolished by NaHS
treatment before DAMGO administration (S+D+Nal) or
before naloxone administration (D+S+ Nal) (Fig. 7A). More-
over, over-expression of CBS, but not its empty vector, sup-
pressed the up-regulated CREB phosphorylation induced by
naloxone precipitation (Fig. 7B).

Application of exogenous H>S or stimulation

of endogenous H,S production suppresses ERK1/2
activation induced by opioid withdrawal in both cellular
and animal models

Extracellular regulated protein kinases (ERKs) are a family
of serine/threonine protein kinases that play pivotal roles in
opioid dependence signal transduction (33). To investigate
the role of ERK1/2 in the signaling mechanism underlying the
regulation of CREB phosphorylation, PD 98059, a specific
ERK1/2 inhibitor, was applied into SH-SY5Y cells before
administration of DAMGO. As shown in Figure 8A and B,
naloxone-induced CREB phosphorylation was significantly
attenuated by pretreatment with NaHS or PD 98059 (10 uM,
30min). Furthermore, naloxone precipitation-induced up-
regulation of p-ERK1/2 was blocked in CBS-transfected SH-
SY5Y cells, but not in the empty vector-transfected group (Fig.
8C, D). These results suggest an inhibitory effect of endoge-
nous H,S on ERK1/2 activation in opioid withdrawal. In
addition, both Western blot and immunofluorescence analy-
sis revealed that the phosphorylation of ERK1/2 was mark-
edly up-regulated in the striatum of morphine-dependent
mice, and this effect was significantly abolished by NaHS
pretreatment (Fig. 9). However, in a separate experiment,
NaHS alone failed to produce any significant effect on the
expression of p-ERK1/2 in mice striatum (data not shown).

FIG. 4. NaHS treatment attenuated
morphine-induced elevation of cAMP level
and CREB phosphorylation in the striatum
of mice. (A) Effect of NaHS on cAMP pro-
duction in the striatum of morphine-treated
mice. Mean+S.EM, n=9. (B, C) Effect of
NaHS pretreatment on the up-regulation of
CREB phosphorylation induced by nalox-
one-precipitated withdrawal in mice stria-
tum. Mean+S.E.M, n=4. *»p<0.05, *p<0.01,
versus Con; #p<0.05, versus Mor. Con, con-
4 trol; Mor, morphine; S, NaHS; CREB, cAMP
response element-binding protein.
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FIG. 5. Effect of NaHS on cAMP rebound, AC mRNA levels in SH-SY5Y cells treated with DAMGO. (A) NaHS
pretreatment attenuated cAMP rebound induced by opioid withdrawal in SH-SY5Y cells. Cells were treated with DAMGO
(10 uM) for 24 h followed by addition of naloxone (100 uM) (D +Nal) or washing the cell with low-serum medium (D +W) to
induce opioid withdrawal. NaHS (10 M) was given 10min before the addition of DAMGO. Mean*S.EM., n=6-12.
*p<0.01, **p<0.001, versus the corresponding values without NaHS treatment in the same group; *p<0.01, ##<0.001,
versus D (DAMGO alone without NaHS treatment). (B) Naloxone-induced cAMP rebound was abolished by NaHS (10 uM)
given 10 min before the addition of DAMGO (S+ D+ Nal), but not by NaHS given 30 min before the addition of naloxone
(D+S+Nal). Mean+S.E.M, n=6. **p<0.001, versus Con; ###p<0.001, versus D;+ + +p<0.001, versus D+Nal. (C, D) NaHS
pretreatment abolished DAMGO-induced up-regulation of mRNA level of AC1 and AC8 in SH-SY5Y cells. Mean+S.E.M,
n=4-6. *p<0.01, versus Con; ##p<0.01, versus D. Con, control; FSK, forskolin; S, NaHS; D, DAMGO; Nal, naloxone; Veh,
vehicle; DAMGO, [D-Alaz,N-Me-Phe4,Gly5-ol]-Enkephalin.

Discussion withdrawal jumping, the most sensitive and reliable index of
withdrawal intensity, in morphine-dependent mice (17). In

In the present study, we demonstrated that administration = addition to suppression of withdrawal jumping, GYY4137
of H,S donors such as NaHS and GYY4137 before a morphine  also significantly attenuated rearing symptom development.
injection significantly attenuated naloxone-precipitated These findings suggest that H,S slow-releasing compound
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FIG. 6. Effect of endogenous H,S on cAMP rebound, AC mRNA levels in SH-SY5Y cells treated with DAMGO. (A)
Western blotting analysis showing the protein expression of CBS protein in SH-SY5Y cells transfected with CBS-PME185-HA
vector or its empty vector. Mean +S.E.M., n=6. *p <0.05, versus Con; *p <0.05, versus CBS. (B) Over-expression of CBS, but not
its empty vector, reduced cAMP production in either forskolin-stimulated, chronic DAMGO-treated, or naloxone-precipitated
cells. Mean =S.E.M., nn=5-14. **p <0.001, versus Con; *p<0.05, #p<0.01, **p <0.001, versus the corresponding values without
NaHS treatment in the same group. (C, D) Effects of CBS over-expression on DAMGO-induced AC1 expression in SH-SY5Y
cells. Mean+S.E.M, n=>5. **p <0.001, versus Con; #p<0.05, versus D. Con, control; FSK, forskolin; S, NaHS; D, DAMGO; Nal,
naloxone; Veh, vehicle; Vec, vector; CBS, cystathione-f-synthase; H,S, hydrogen sulfide.
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may produce better effects. Taken together, our data suggest a
potential role of H,S in attenuating the development of opioid
dependence.

Opioid dependence results from adaptive changes in signal
transduction networks in several brain regions, including
prefrontal cortex, hippocampus, and striatum. One of the
most robust adaptations to repeated opioid exposure is the
supersensitivity of AC, which catabolizes ATP to cAMP (38,
45). cAMP is a ubiquitous cellular second messenger that is
responsible for many biological processes. As an endogenous
gaseous mediator, H,S suppresses AC activity in various cell
lines and tissues (25, 27, 47) and plays important roles in
regulation of various signaling pathways. Previous studies
demonstrated that down-regulation of the cAMP pathway via
infusion of its inhibitors into certain brain region significantly
attenuated morphine withdrawal behaviors (36). These find-
ings prompt us to investigate whether H,S is also able to block
the development of opioid dependence via down-regulating
the AC/cAMP pathway.

Interestingly, in the present study, we found that repeated
morphine treatment significantly increased AC protein ex-
pression in the striatum and prefrontal cortex, but not in the
hippocampus. These data suggest that morphine treatment
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may up-regulate AC expression in certain brain regions. This
is consistent with previous findings (40, 43). Since p-opioid
receptor is considered crucial in the development of opioid
dependence and confirmed to be most densely localized in
patches in the striatum, as well as layers I and III of the cortex
(42), these data imply that the region-specific response in-
duced by morphine may be related to the different distribu-
tion of opioid receptor subtypes in the brain. In the present
study, we found that pretreatment with NaHS significantly
attenuated the up-regulation of AC protein, which was fur-
ther confirmed by examination of cAMP level. These data
indicate that H,S may inhibit the up-regulation of AC/cAMP
pathway in certain brain regions caused by repeated mor-
phine treatment.

To confirm this, we also examined the effect of H,S in SH-
SY5Y neuron cells treated with DAMGO, a specific p-receptor
agonist. We found that NaHS treatment before DAMGO ad-
ministration dramatically inhibited the cAMP rebound in-
duced by naloxone-precipitated withdrawal in the cell. This is
consistent with our findings in morphine-dependent mice.
Moreover, over-expression of CBS, a main H,S generating
enzyme in the brain, also abolished the cAMP rebound in-
duced by naloxone-precipitation in SH-SY5Y cells. These data

FIG. 8. Role of ERK1/2 in CREB phos-
phorylation in DAMGO-treated SH-SY5Y
cells. (A, B) Western blots showing the ef-
fects of NaHS and inhibition of ERK1/2 on
naloxone-induced CREB phosphorylation in
SH-SY5Y  cells. Mean*SEM, n=4.
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group. Scale bar=20 um. Con, control; S, NaHS; Mor, morphine. To see this illustration in color, the reader is referred to the
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confirm that alteration of endogenous H,S level is important
to attenuate the development of opioid dependence and
withdrawal.

AC:s are the family of enzymes to produce cAMP. There are
nine membrane-bound and one soluble forms, each with
distinct regulation and expression patterns (34). We, there-
fore, continued to study which isoform(s) is/are involved. To
date, three specific AC isoforms such as AC1, AC5, and AC8
have been found to be involved in these adaptive processes
associated with opioid dependence and withdrawal (35). In
the brain, AC5 is predominantly expressed within the stria-
tum, and it has reported that withdrawal symptoms were
markedly attenuated in AC5 knockout mice (10, 18). Knock-
out AC1 and AC8 reduced opioid dependence by attenuation
of the withdrawal symptoms, especially for withdrawal
jumping (49). This was especially obvious when AC8 gene
was deleted (49). These findings imply that there is a close
relationship between AC/cAMP pathway and the develop-
ment of withdrawal jumping symptom. This may help in
explaining why NaHS produced a stronger effect to alleviate
jumping over rearing symptom. Since AC2 is expressed pri-
marily in the brain (8) and is regulated by opioid receptors (3),
we also detected the expression of AC2 in mice striatum. In
this study, we found that repeated treatment with morphine
up-regulated the mRNA levels of AC1 and AC8 but not those
of AC2 and AC5. However, in SH-SY5Y cells, chronic DAM-
GO treatment only up-regulated AC1 mRNA level, but not
ACS. It suggests that opiate-induced AC superactivation is
isozyme specific. Nonetheless, the up-regulated mRNA levels
of AC isoforms either in the striatum of morphine-dependent
mice or in DAMGO-treated SH-SY5Y cells were obviously
attenuated by application of NaHS or stimulation of endog-
enous H,S in the cell. These findings offer a strong support
that H,S may block opioid withdrawal by suppression of AC/
cAMP pathway in the brain.

Chronic opioid administration induces changes in the ex-
pression and function of CREB, which may contribute to
withdrawal behaviors and neural adaptations that are asso-
ciated with opioid dependence (12, 21, 39). Moreover, there is
a strong reduction of naloxone-induced withdrawal behav-
iors in mice lacking CREB isoforms (13). In the present study,
we found that CREB was markedly phosphorylated on
naloxone-precipitated withdrawal in mice striatum or in SH-
SY5Y cells after chronic opioid exposure. These data suggest
that modulation of CREB is an important mechanism under-
lying the development of opioid dependence. Furthermore,
we found that the elevation of CREB phosphorylation was
reversed by application of exogenous H,S or stimulation of
endogenous H,S production. This result suggests that the
beneficial effect of H,S on opioid withdrawal is also mediated
by the down-regulation of CREB phosphorylation.

CREB is a nuclear protein that modulates the transcription
of genes with cAMP responsive elements (CRE) in their pro-
moters. On the one hand, elevation of cAMP production
triggers the phosphorylation of CREB. On the other hand,
CREB may also up-regulate the expression of proteins con-
tributing to AC supersensitivity in the development of opioid
dependence (21, 29). There is a putative CRE sequence in AC8
gene promoter. This may explain the induction of AC8 ex-
pression during chronic administration of morphine (4). In
addition, an injection of CREB antisense oligonucleotide into
specific regions of the brain, such as locus coeruleus (impor-
tant to the incidence of physical dependence), attenuated the
induction of AC8 and the expression of withdrawal behavior
(21). In our study, we found that both AC8 expression and
CREB phosphorylation were significantly elevated in the
striatum of morphine-dependent mice, and NaHS adminis-
tration abolished all these effects. Therefore, we presume that
the reduction of withdrawal behavior by administration of
NaHS might, at least partly, be attributed to the suppression
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of AC8 expression via down-regulation of CREB phosphory-
lation. Interestingly, in the present study, we found that
chronic morphine treatment also up-regulated AC1, whose
gene promoter lacks functional CRE elements. More experi-
ments are warranted to study the mechanism of the up-
regulation of AC1 stimulated by chronic opioid exposure.

Activation of some protein kinases, such as ERK1/2, may
phosphorylate transcription factors such as CREB to regulate
the target gene expression involved in the development of
opioid dependence (26). ERKs are a family of serine/threo-
nine protein kinases, and ERK1/2 is mostly expressed in the
brain (33). It was demonstrated that naloxone-precipitated
withdrawal may activate ERK1/2 pathway in the distinct
brain regions of opioid-dependent rodents (24, 33, 37). A
previous study showed that ERK inhibition or knockdown in
rat spinal cord significantly reduced the phosphorylation of
CREB caused by naloxone-precipitated withdrawal (11). In
this study, we found that naloxone-precipitated withdrawal
activated ERK1/2 in mice striatum or in SH-SY5Y cells, and
these effects were obviously attenuated by NaHS pretreat-
ment or stimulation of endogenous H,S production in the cell.
Moreover, blockade of ERK1/2 significantly attenuated CREB
phosphorylation induced by opioid withdrawal in SH-SY5Y
cells. These data suggest that the beneficial effects of H,S on
opioid withdrawal are closely related to the inhibition of
protein kinases such as ERK1/2, which are important to the
regulation of cAMP/CREB pathway.

However, it is interesting to note that the effects of H,S on
cAMP production are varied among different cell types or
tissues. Kimura reported that acute application of NaHS
(5 min) increased the production of cAMP in some brain cells,
but had no effect on neuroblastoma B103 and B104 cells (19).
Another group also reported that H,S increased cAMP pro-
duction in neural retina only when COX-2 inhibitors were
given (32). In the absence of COX-2 inhibitors, H,S actually
decreased cAMP production. These findings suggest that the
stimulatory effect of H,S on cAMP production is secondary to
other signaling pathways (e.g., COX-2). Therefore, the effect of
H,S on cAMP production may be influenced by many factors,
which may include different cell types, AC isoforms, AC ac-
tivity status, treatment period with H,S, and activation of
other signaling pathways in different pathological situations.
This may also help in explaining why application of NaHS
right before naloxone administration failed to prevent opioid
withdrawal symptoms in morphine-treated mice (data not
shown) and cAMP overshoot in SH-SY5Y cells. More studies
are warranted to investigate the accurate regulatory effect of
H,S on AC activity in different pathological situations.

In conclusion, in the present study, we demonstrated that
H,S is important in the regulation of opioid dependence and
withdrawal. This effect is mediated by inhibition of AC/
cAMP/CREB pathway. Our findings suggest that H,S may be
a new potential therapeutic target for the treatment of opioid
addiction.

Materials and Methods

Chronic morphine dependence mouse model

Male BALB/c mice (20-25 g) were randomly divided into
the following groups: control group receiving saline (Con),
morphine-treated group (Mor), and NaHS-pretreated mor-
phine group (S+Mor). Morphine sulphate (Hameln phar-
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maceuticals gmbh, Hameln, Germany) was injected
subcutaneously twice daily at 12h intervals (8:00 and 20:00)
for 4 days with increasing doses (20, 30, 40, and 50 mg/kg) on
each day. On Day 5, all animals received a single subcutane-
ous injection of morphine (20mg/kg) at 8:00 (5). For the
NaHS-pretreated group, animals received injections of NaHS
(100 umol/kg, equivalent to 5.6 mg/kg, i.p.; Sigma, St. Louis,
MO) 30min before each morphine injection. For GYY4137
experiments, male Kunming mice (20-25g) were used.
GYY4137 was synthesized in house as described in the pre-
vious publication (9, 23). For the GYY-pretreated group,
GYY4137 (100 mg/kg, i.p.) was injected once daily for 3 days
before the beginning of morphine treatment. During the
morphine treatment period, GYY4137 was given 2h before
each morphine injection. The dose was chosen based on pre-
vious publication (22). To induce withdrawal behaviors, ani-
mals received a single injection of naloxone (10mg/kg, i.p.;
Sigma) 4h after the last morphine injection on Day 5. Im-
mediately after the naloxone injection, each mouse was placed
in an acryl-glass box (30x30x40cm) and the number of
jumping was recorded over the next 15min as the signs of
development of physical dependence to morphine (46). The
body weight of mice was measured just before and 30 min
after naloxone injection. The animals were killed by decapi-
tation for 1h after the withdrawal behavioral test. The brains
were rapidly dissected out on an ice-cold glass Petri dish and
used for Western blot, RT-PCR, or cAMP assay. All animal
experiments were approved by the Institutional Animal Care
and Use Committee of the National University of Singapore
and JiangXi Province People’s Hospital.

Cell culture and treatment

Human neuroblastoma SH-SY5Y cells were incubated
under humidified 5% CO, and 95% air at 37°C in Dulbecco’s
modified Eagle’s medium (DMEM,; Invitrogen, Carlsbad, CA)
containing 10% fetal bovine serum (FBS) and 1% streptomycin
and penicillin (Invitrogen). Cells were plated onto 35mm
dishes and incubated overnight as they grew into 80%-90%
confluency. Regular medium was replaced with low-serum
medium (0.5% FBS/DMEM) immediately before treatment.
Opioid withdrawal was achieved by the addition of naloxone
(100 uM) in the medium at the last 10 min of DAMGO (10 uM;
Sigma) treatment for 24h (D+Nal), or the cell was washed
with low-serum medium to stop opioid treatment (D +W). To
determine the effects of H,S on naloxone-precipitated opioid
withdrawal in SH-SY5Y cells, NaHS (10 uM) was added to the
cell culture medium 10 min before the addition of DAMGO, or
30min before the addition of naloxone. To investigate the
underlying mechanisms, PD 98059 (an ERK1/2 inhibitor;
10 uM; Calbiochem, Gibbstown, NJ) was given 30 min before
DAMGO administration.

CBS transfection

The method of CBS transfection was described in our pre-
vious study (44). SH-SY5Y cells were plated onto a 35 mm
dish and incubated overnight as they grew to 90%-95% con-
fluency. Cells were transfected with CBS-PME185-HA vector
(a gift from Dr. Hideo Kimura) or its empty vector alone as a
control using lipofectamine 2000 transfection reagent (In-
vitrogen). After transfection for 4-6 h, cells were washed with
PBS solution twice and replaced with low-serum medium
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(0.5% FBS/DMEM), and they then continued to be incubated
at 37°C overnight. After that, the cells were treated with
DAMGO (10 uM) for 24 h, followed by addition of naloxone
(100 uM) for 10 min to induce opioid withdrawal. Cells were
then collected for measurement of cAMP concentration or
Western blot analysis.

Reverse transcription-polymerase chain reaction

Total RNA was extracted from SH-SY5Y cells or mice
brain tissues by the TRIzol extraction method (TRIzol
Reagent; Invitrogen). The RNA was then used to amplify
fragments of the cDNA of AC1, 2, 5, 8 by RT-PCR employing
the One-step RT-PCR kit (Bio-Rad, Hercules, CA). The
primers were adopted from previous publications (20, 41).
A positive control was performed by using primers specific
for B-actin. One-step RT-PCR was performed with the
following program. A reverse-transcription reaction was
initiated at 50°C for 30 min. PCR activation at 95°C for 10 min
was followed by 35 cycles; each consisted of 95°C for 30s,
60°C for 30s, 72°C for 1 min, and final extension time was set
at 72°C for 10 min.

Western blot assay

After drug treatment, SH-SY5Y cells were washed twice
with PBS and lyzed with 100 ul ice-cold lysis buffer (Cell
signaling, Danvers, MA). Tissue samples were homogenized
in tissue lysis buffer (1:10, w/v; Sigma). The lysate was shaken
on ice for 1h, then centrifuged at 12,000 g at 4°C for 15 min.
Epitopes were exposed by boiling the protein samples at
100°C water for 5min. Protein concentrations were deter-
mined with a NanoDrop Spectrophotometer (NanoDrop
technology, Wilmington, DE). Equal amounts of the protein
samples were separated by electrophoresis using a 10% so-
dium dodecyl sulphate/polyacrylamide gel (SDS/PAGE)
and transferred onto a nitrocellulose membrane (Whatman,
London, UK). After being blocked in 10% milk with Tris
buffer saline-Tween 20 (TBS-T) buffer (10mM Tris-HCl,
120 mM NaCl, 0.1% Tween-20, pH 7.4) at room temperature
for 1h, the membrane was incubated with primary antibodies
of phospho-ERK1/2 (1:1000; Cell signaling), total-ERK1/2
(1:1000; Cell signaling), phospho-CREB (1:1000; Cell signal-
ing), AC antibody (1:1000; Santa Cruz Biotechnology, Santa
Cruz, CA), or CBS antibody (1:1000; Abnova, Taipei, Taiwan)
at 4°C overnight. 3-actin (1:5000; Santa Cruz Biotechnology)
was used as a loading control. Membranes were washed
thrice in TBS-T buffer, followed by incubation with goat anti-
rabbit or goat anti-mouse secondary antibodies (1:10,000;
Santa Cruz Biotechnology) at room temperature for 1h, and
washed thrice in TBS-T buffer. Visualization was carried out
using ECL® (plus/advanced chemiluminescence) kit (GE
Healthcare Life Sciences, Buckinghamshire, United King-
dom). The density of the bands on Western blots was quan-
tified by Image J software.

CcAMP assay

A cAMP enzyme immunoassay kit (Cayman Chemical,
Ann Arbor, MI) was used to examine the concentration of
cAMP. To induce quick cAMP formation, forskolin (10 uM;
Sigma) and 3-isobutyle-1-methylxanthine (IBMX, 0.2mM;
Sigma) were added into the cell, then incubated at 37°C for
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10 min. The reaction was stopped by incubation in 0.1 M HCl
for 20min, and then centrifuged at 1000 ¢ for 10 min. The
supernatant was saved for determination of cAMP content.
Fifty microliters of samples were added into a 96-well plate
followed by incubation with cAMP acetylcholine esterase
tracer and cAMP antiserum for 18 h at 4°C. Each sample was
developed by Ellman’s reagent, and the plate was read at a
wavelength of 405nm (27). cAMP concentration was calcu-
lated according to the cAMP standard, and the protein was
examined by Bradford Assay.

Immunofluorescence staining

The tissue of mouse brain was fixed with 4% paraformal-
dehyde (Sigma) for over 24 h, and then cryoprotected in 30%
sucrose followed by cutting with a freezing microtome (Leica,
Germany) at 30 um. After blocking with 0.5% bovine serum
albumin (BSA; Sigma) for 1h, the slices were incubated for 2h
at room temperature with the rabbit anti-phospho-ERK1/2
antibody diluted in 0.5% BSA (1:100). The slices were then
washed thrice with PBS and further exposed to the fluorescein
isothiocyanate (FITC)-conjugated anti-rabbit IgG (1:300; In-
vitrogen) at room temperature for 1h. After three additional
PBS washes, the slices were mounted by Prolong Gold anti-
fade reagent with 4’,6-diamidino-2-phenylindole (DAPI; In-
vitrogen), and images were acquired using a Nikon Eclipse
80i digital imaging microscope system (Tokyo, Japan). Ne-
gative controls were performed with the primary antibody
omitted.

Statistical analysis

All data are presented as mean+S.E.M. Statistical signifi-
cance was assessed with one-way analysis of variance fol-
lowed by LSD test. For comparison between two groups,
student’s T-test was used. Differences with p-values less than
0.05 were considered statistically significant.
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