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Abstract. – BACKGROUND: H2S is a novel
type of endogenous neural regulatory factor and
gaseous mediator. Exogenous H2S can increase
heroin-induced learning and memory damage in
rat and alleviates heroin-induced rat hippocam-
pus damage through antioxidant and anti-apop-
tosis effects.

OBJECTIVE: Aim of this study was to identify
whether hydrogen sulfide (H2S) protects heroin
withdrawal rat is related with adenylate cyclase
(AC)-cAMP-protein kinase A (PKA)-cAMP re-
sponse element-binding protein (CREB) signal-
ing pathway in heroin-dependent rat’s nucleus
accumbens or not.

METHODS: Male Spragne-Dawley rats were
randomly divided into Saline + Saline group,
Saline + sodium hydrosulfide (NaHS) group,
Saline + Heroin group, NaHS + Heroin group ac-
cording to the principle of increasing heroin
dosage day by day, with the establishment of
heroin-naloxone-induced withdrawal symptoms
determined at day 10. Then the levels of H2S and
cAMP and AC and PKA activities were assayed,
and the level of phosphorylated CREB (p-CREB),
the levels of phosphorylated N-methyl-D-
aspartate receptor 1 subunit (p-NR1), phospho-
rylated N-methyl-D-aspartate receptor 2a subunit
(p-NR2A) and phosphorylated N-methyl-D-
aspartate receptor 2b subunit (p-NR2B) were as-
sayed in nucleus accumbens.

RESULTS: Exogenous H2S can alleviate heroin
withdrawal symptoms by increasing the level of
H2S level in nucleus accumbens. Exogenous
H2S can decrease the high activities of AC, PKA
and the high levels of cAMP, p-CREB caused by
heroin. Furthermore, exogenous H2S can de-
crease the high level of p-NR1 and can increase
the low levels of p-NR2A and p-NR2B caused by
heroin. It is surprising that exogenous H2S treat-
ment alone was able to raise the activities of AC
and PKA as well as the levels of cAMP, p-CREB,
p-NR1, p-NR2A and p-NR2B.

CONCLUSIONS: Exogenous H2S decreases
naloxone-precipitated withdrawal signs, maybe
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Introduction

Heroin addiction leads to serious social, med-
ical and economic problems, but effective treat-
ment for heroin addiction is still limited. Heroin
abuse has provoked many investigations to study
its mechanism of action. The heroin-induced
changes in brain have been associated with neu-
rotoxicity or another different mechanism1.

Clinical data shows that heroin addiction could
cause obvious damage to the central nervous sys-
tem (CNS), which contains a large amount of en-
dogenous hydrogen sulfide (H2S). H2S was sug-
gested as a new neuromodulator playing a physi-
ological role in regulating brain functions2. En-
dogenous H2S is the final metabolite of sulfur-
containing amino acids and exists in both the
gaseous form and the NaHS dissolved form in vi-
vo. NaHS can be hydrolyzed into Na+ and HS-,
the latter being able to bind H+ in the body to
produce H2S, which forms a dynamic equilibri-
um with NaHS. The H2S concentration in a
NaHS solution is stable, so the NaHS solution
has been widely used as a H2S donor3.

Previous study has shown that heroin addiction
can damage learning and memory in rats. Exoge-
nous H2S donor NaHS increases heroin-induced
learning and memory damage in rat4 and alleviates
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heroin-induced rat hippocampus damage through
antioxidant and anti-apoptosis effects3. Chronic
exposure to heroin results in a number of cellular
and molecular adaptations. Among these adapta-
tions, an up-regulation of the cyclic adenosine 3’,
5’-monophosphate (cAMP)-dependent signaling
pathway has been observed repeatedly. Heroin
treatment acutely augments cAMP production and
its repeated administration alter the cAMP-related
signaling pathway, i.e. increase adenylate cyclase
(AC) and cAMP-dependent (or related) protein ki-
nase activity5-6. Based on these considerations, we
investigated the effect of exogenous H2S on cAMP
content and cAMP-dependent protein kinase
(PKA) activity.

Many studies have showed that H2S stimulates
NMDA receptor-mediated response via the
cAMP pathway. H2S enhances cAMP produc-
tion, cAMP activates PKA, and then the activated
PKA phosphorylate N-methyl-D-aspartate (NM-
DA) receptor subunits NR1, NR2A and NR2B in
turn at specific site7. However, this result has
never been confirmed clearly in the field of drug
addiction. In the present study, we administer
NaHS as the exogenous H2S donor to detect the
change of H2S content, the effect of exogenous
H2S on cAMP signaling pathway and phosphory-
late NMDA receptor in heroin-dependent rats’
nucleus accumbens.

Materials and Methods

Animals
Male Sprague-Dawley rats (250 ± 20 g) ob-

tained from Guangxi Province Laboratory Ani-
mal Center in China were housed under natural
light/dark cycle (12 to 12 h) with food and water
available ad libitum. All procedures were per-
formed in accordance with institutional guide-
lines. The animals were treated according to the
guidelines of Laboratory Animals and the Animal
Ethics Committee of Guangxi University.

Animal Group and Treatment
After a week of adaptation, rats were random-

ly divided into four experimental groups: Saline
+ Saline group (n=20), Saline + NaHS group
(n=20), Saline + Heroin group (n=20), NaHS +
Heroin group (n=20). NaHS (St Louis, MO,
USA) dissolved in saline was administered in-
traperitoneally 30 min prior to heroin. An equal
volume of saline was intraperitoneally injected in
the saline group.

The following procedures were conducted in
order to establish a chronic heroin dependence
model (Heroin was provided by Police Bureau
of Guangxi Province, China, containing 85.48%
of diacetylmorphine, 6.21% of acetylmorphine
and 8.31% of acetylcodeine). Heroin was dis-
solved in 0.9% NaCl solution immediately be-
fore injection, and was injected at the volume of
1.0 ml/kg BW (body weight). Rats were subcu-
taneously injected with heroin twice a day for
10 days. The dose for each injection was 3
mg/kg BW on day 1, and was increased by 3
mg/kg each day. On day 10, 4 h after injection
of heroin 30 mg/kg, heroin withdrawal syn-
drome was precipitated by administration of
naloxone (5 mg/kg, i.p.) (Beijing Four-ring,
Pharmaceutical Co. Ltd., China). The animals
were placed in a plexiglass cylinder for habitua-
tion to the test environment one hour prior to
the naloxone injection. Naloxone was injected
intraperitoneally to precipitate withdrawal
symptoms. Signs of withdrawal were scored for
a total of 60 min at 15 min intervals. Ten previ-
ously identified behavioral characteristics of the
rat heroin abstinence syndrome were assessed.
The absolute frequency of five episodic behav-
iors was recorded and scored based on multiples
of five incidents (0 = no incidents; 1 = 1-5 inci-
dents; 2 = 6-10 incidents and 3 > 10 incidents).
Behaviors scored in this manner included:
jumping, teeth chatter, writhing, wet-dog
shakes, and rearing. Five withdrawal behaviors
could not be defined in discrete episodes (pto-
sis, lacrimation, piloerection, irritability and di-
arrhea), and the severity of these behaviors was
assessed using a four-point scale: 0 = absent; 1=
mild; 2 = moderate; 3 = severe. The amount of
body weight loss was measured at the end of the
rating period (i.e., 1 h after the administration
of naltrexone) and a score was calculated based
on multiples of 5 g (0 = no loss; 1 = 1-5 g; 2= 6-
10 g; 3=11-15 g, etc.). The scores for each time
period were then added together8-9. The people
measuring behavior were blinded to the experi-
mental groups.

Sample Preparation
Brains were cut in a Reichert-Jung 2800

Frigocut E cryostat at –20°C. Coronal sections
(1 mm thick) were cut with their rostral faces at
+2.0 mm (for nucleus accumbens) from Breg-
ma10. Tissue samples were punched from the
nucleus accumbens sections with a 14-gauge
needle.
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Measurement of H2S Level in
Nucleus Accumbens

Nucleus accumbens were removed and flash-
frozen with liquid nitrogen, then homogenized in
ice-cold 50 mM/L potassium phosphate buffer, pH
8.0 (12% wt/vol), with a Polytron homogenizer.
The homogenate was centrifuged (47,000 g; 10
min; 4°C) and the supernatant (75 µL) was mixed
with 0.25 mL Zn acetate (1%) and 0.45 mL water
for 10 min at room temperature. Then,
trichloroacetic acid (TCA) (10%; 0.25 mL) was
added and centrifuged (14,000 g; 10 min; 4°C).
The clear supernatant was collected and mixed
with N, N-dimethyl-p-phenylenediamine sulfate
(20 mM/L; 133 µL) in 7.2 M/L HCl and FeCl3 (30
mM/L; 133 µL) in 1.2 M/L HCl. The absorbance
at 670 nm was measured with a microplate reader
after 20 min. The calibration curve was linear
from 0 to 320 µM/L NaHS or 96 µM/L H2S. Re-
sults are presented as nmol/min·g prot.

Measurement of AC Activity Assay Level
in Nucleus Accumbens

Nucleus accumbens punches were homoge-
nized in 800 µL solubilization buffer (50 mM
Tris-HCl pH 7.4; 1 mM EGTA: ethylene glycol
intraacetic acid) using a potter. Protein about 20
µg was incubated in assay buffer (50 mM Tris-
HCl pH 7.4; 100 mM NaCl; 3 mM MgCl2; 1 mM
EGTA; 50 µM GTP; 1 mM ATP; 0.2 mM IBMX:
3-isobutyl-1-mrthylxanthine) with or without 1
µM forskolin in a total volume of 1 mL at 25°C
for 10 min. Samples were heated at 95°C for 5
min to stop the reaction and centrifuged at
13,000 × g for 5 min. The amount of cAMP
formed during the reaction was quantified using
a method based on binding to PKA (Protein Ki-
nase A), as described by Munirathinam and
Yoburn11. Nucleus accumbens supernatant or a
standard amount of cAMP (0. 1. 2. 4. 8. or 16
pmol) about 10 µl was incubated in a buffer con-
taining 50 mM Tris-HCl pH 7.4, 4 mM EDTA,
25 nCi [8-3H] cAMP and 4 µg PKA in a total
volume of 200 µL at 4°C for several hours. 100
µL 3.5% charcoal slurry containing 50 mM Tris-
HCl pH 7.4, 4 mM EDTA with 2% BSA (bovine
serum albumin) was added to each sample and
centrifuged at 13,000 × g for 7 min at 4°C. Ra-
dioactivity contained in 200 µL supernatant was
counted using liquid scintillation analysis (Beck-
man Instruments, Mountain View, CA, USA).
Blank value was determined in the absence of
PKA and subtracted from all other values. Re-
sults are presented as pmol/µg cAMP protein12.

Measurement of cAMP Level in
Nucleus Accumbens

Nucleus accumbens tissue micropunches were
placed into Ependorff tubes containing 300 µl of
ice cold 6% trichloracetic acid, and were then ho-
mogenized and sonicated. Samples were then
centrifuged and the supernatant was washed four
times with 5 vol. of water-saturated diethyl ether.
The extract was lyophilized and the pellet was
dissolved in radioimmunoassay (RIA) buffer.
The concentration of sample cAMP was mea-
sured in triplicates using [125I] cAMP acetylation
RIA kits (Amersham, Little Chalfont, Bucking-
hamshire, UK) according to the protocol recom-
mended by the company. Standard cyclic nu-
cleotide concentrations were repeatedly mea-
sured throughout each assay procedure in order
to ensure the stable performance of the assay. Re-
sults are presented as pmol/mg protein.

Measurement of PKA Activity Assay Level
in Nucleus Accumbens

PKA activity was determined essentially accord-
ing to the method described by Lou and Pei13. The
animals were acutely decapitated, and the nucleus
accumbens tissue was dissected rapidly and ho-
mogenized on ice in homogenization buffer (25
mM Tris-HCl, 1 mM EDTA, 1 mM DTT (Dithio-
threitol), and 100 M leupeptin). The homogenate
was centrifuged at 20,000 g for 5 min at 4°C. The
resulting supernatant was assayed for PKA activity
using a PepTag nonradioactive PKA assay kit
(Promega, Madison, WI, USA). All reaction com-
ponents were added on ice in a final volume of 25
µl of the following mixture: 5 µl of PepTag PKA re-
action buffer, 5 µl of PepTag A1 Peptide (0.4 g/l), 5
µl of cAMP (5 M), and 5 µl of sample homogenate.
The mixture was incubated at 30°C for 30 min.
Then, the reaction was stopped by placing the tube
in a boiling water bath for 10 min, and the samples
were loaded onto the gel for electrophoresis. Before
loading samples, 1 µL of 80% glycerol was added
to the sample to ensure that it remained in the well.
PKA-specific peptide substrate used in this experi-
ment was PepTag A1 Peptide, L-R-R-A-S-L-G
(kemptide). The assay was based on the changes in
the net charge of the fluorescent PKA substrates af-
ter phosphorylation. This change allowed the phos-
phorylated and unphosphorylated versions of the
substrate to be rapidly separated on an agarose gel
at neutral pH. The phosphorylated substrate migrat-
ed toward the positive electrode, whereas the non-
phosphorylated substrate migrated toward the nega-
tive electrode. The intensity of fluorescence of
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phosphorylated peptides, which reflected the activi-
ty of PKA, was quantified using a bio-imaging sys-
tem (Syngene, Cambridge, UK). Results are pre-
sented as pmol/(min /mg) protein.

Western Blots Assay p-CREB, p-NR1,
p-NR2A, p-NR2B Proteins Level in
Nucleus Accumbens

Proteins expression in tissue was quantified us-
ing Western blot. Briefly, samples were homoge-
nized in 20% (wt/vol) ice-cold buffer containing 10
mmol/L Tris-HCl, pH 7.4; 1% sodium dodecyl sul-
fate (SDS); 1 mmol/L sodium vanadate; 10 µg/mL
aprotinin; 10 µg/mL leupeptin and 1 mmol/L
phenylmethylsulfonyl fluoride. The tissue ho-
mogenate was centrifuged at 13,400 g for 20 min at
4°C. The supernatant was aspirated and stored at
−80°C until use. Protein concentration in the super-
natant was detected with the Brad board method.
SDS-PAGE (polyacrylamide gel electrophoresis)
was performed on a 10 % gel, on which 30 µg of
total protein per well was loaded. After SDS-
PAGE, the proteins were transferred from the gels
onto polyvinylidene difluoride membrane. After
being blocked in 5% non-fat milk in 1×PBS (phos-
phate buffered saline) containing 0.1% Tween-20 at
room temperature for 60 min, membranes were
blocked in 5% nonfat milk and probed sequentially
with antibodies against phosphorylated rabbit anti-
pNR1 (phosphorylated N-methyl-aspartate receptor
1 submit) antibody (Ser897) (1:1,000, Upstate
Biotechnology Inc., Lake Placid, NY, USA), phos-
phorylated NR2A (phosphorylated N-methyl-
aspartate receptor 2a submit) (Ser1232) (1:1,000,
Tocris Bioscience, Bristol, BS11 OKL, UK), phos-
phorylated NR2B (phosphorylated N-methyl-
aspartate receptor 2b submit) (Tyr1472) (1:1,000,
Sigma Chemical Co, St Louis, MO, USA), phos-
phorylated cAMP response element-binding pro-
tein (CREB) (1:500; Cell Signaling Technology,
Danvers, MA, USA) and antibody against -actin
(1:500, Millipore Co, Billerica, MA, USA) respec-
tively. Actin was used for the normalisation of pro-
tein loaded. The blots were incubated with horse-
radish peroxidase-conjugated antibody (1:2,000,
Santa Cruz, Biotechnology, Santa Cruz, CA,
USA) for 1 h at room temperature and visualized
with ECL solution (5 min) followed by film ex-
posure. Protein bands were visualized through an
ECL detection system (Pierce Ltd., Rockford, IL,
USA). The X-ray films were scanned and the op-
tical densities of Western blots were analyzed by
densitometry using quantity-one software (Bio-
Rad Laboratories, Hercules, CA, USA).
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Assay for Protein Content
Protein content in tissue was measured by

Lowry et al method with bovine serum albumin
as a standard sample13.

Statistical Analysis
The results are presented as mean average ±

SEM. Statistical significance of the changes was
determined using Graph Prism version 5.0 (Graph
Pad Software, San Diego, CA, USA). Student’s t-
test was used to compare the difference between
two experimental groups, while one-way analysis
of variance (ANOVA) was used to compare the
differences among three or more groups followed
by Dunnett’s t-test for individual group compar-
isons. p < 0.05 values for all tests was considered
as statistically significant.

Results

Exogenous H2S Attenuates Heroin
Withdrawal Symptoms

The result was showed in Figure 1. Heroin-ad-
ministered rat exhibited significant withdrawal
signs, thus successfully establishing a heroin-de-
pendent model in rat. There were no withdrawal
symptoms in Saline group. The results showed
that exogenous H2S significantly attenuated nalox-
one-precipitated withdrawal symptoms. The re-
sults still showed that exogenous H2S has no effect
on naloxone-precipitated withdrawal symptoms in
Saline + Saline group.

Figure 1. Exogenous H2S reduced the scores of heroin
withdrawal symptom NaHS can alleviate the heroin with-
drawal symptom; moreover, can not lead to withdrawal
symptom. ap < 0.05 compared with the Saline + Saline
group; bp < 0.05 compared with the Saline + NaHS group;
cp < 0.05 compared with the Saline + Heroin group. Data is
presented as mean ± SEM n =10 rats per group.

Saline + NaHS + Heroin + Heroin +
Saline Saline Saline NaHS
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Effect of Exogenous H2S on the Levels of
H2S in Nucleus Accumbens

The result was showed in Figure 2. The result
showed that exogenous H2S increased the level
of H2S in nucleus accumbens in every group,
while heroin can decrease the level of H2S.

Effect of Exogenous H2S on the
Activities of AC in Nucleus Accumbens

The result was showed in Figure 3. The result
showed that exogenous H2S decreased the activi-
ty of AC caused by heroin. It is interesting that
there is a significant increase of the activity of
AC in Saline + NaHS group compared with
Saline + Saline group.

Effect of Exogenous H2S on the Levels of
H2S cAMP Level in Nucleus Accumbens

As showed in Figure 4, there was significantly in-
creased cAMP content between Saline + Heroin
group and Saline+ Saline group. When Heroin +
Saline group was compared with NaHS + Heroin
group, cAMP content in nucleus accumbens was
significantly decreased in NaHS + Heroin group.
However, when Saline + Saline group was com-
pared with Saline + NaHS group, the level of cAMP
content was still increased in NaHS + Saline group.

Figure 2. The effect of exogenous H2S on H2S level in nu-
cleus accumbens of heroin-induce addiction rat. There are
significantly different levels between any two groups. Com-
pared with Saline group, NaHS significantly increased the
level of H2S in NAC. The heroin significantly decreased the
level of H2S in NAC. When comparing NaHS + Heroin
group and Saline + Heroin group, the result showed that the
level of H2S in NAC was significantly increased in NaHS +
Heroin group. Note: The unit of H2S content was expressed
as nmol/min·gprot. ap < 0.05 compared with the Saline +
Saline group; bp < 0.05 compared with the Saline + NaHS
group; cp < 0.05 compared with the Saline + Heroin group.
Data is presented as mean ± SEM n =10 rats per group.

Saline + NaHS + Heroin + Heroin +
Saline Saline Saline NaHS
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Figure 3. The effect of exogenous H2S on the activity of AC
in nucleus accumbens of heroin-induce addiction rat. There are
significantly different levels between two groups expect
Saline+ Saline and Saline + NaHS. Compared with Saline
group, NaHS significantly increased the activity of AC in NAC.
The heroin significantly decreased the activity of AC in nucleus
accumbens. When comparing NaHS + Heroin group and Hero-
in + Saline group, the result showed that the activity of AC in
NAC was significantly increased in NaHS + Heroin group.
Note: The unit of AC activity was expressed as pmol cAMP per
µg protein. ap < 0.05 compared with the Saline + Saline group;
bp < 0.05 compared with the Saline + NaHS group; cp < 0.05
compared with the Saline + Heroin group. Data is presented as
mean ± SEM n =10 rats per group.
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Figure 4. The effect of exogenous H2S on the level of cAMP
in nucleus accumbens of heroin-induce addiction rat. There are
significantly different levels between any two groups. Com-
pared with Saline group, NaHS significantly increased the level
of cAMP in nucleus accumbens. The heroin significantly de-
creased the level of cAMP in NAC. When comparing NaHS +
Heroin group and Saline + Heroin group, the result showed that
the level of cAMP in NAC was significantly increased in NaHS
+ Heroin group. Note: The unit of cAMP was expressed as
pmol/ mg protein. ap < 0.05 compared with the Saline + Saline
group; bp < 0.05 compared with the Saline + NaHS group; cp <
0.05 compared with the Saline + Heroin group. Data is present-
ed as mean ± SEM n =10 rats per group.
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Effect of Exogenous H2S on the Activity
of PKA in Nucleus Accumbens

As showed in Figure 5, as far as PKA activity
is concerned, when Saline + Saline group was
compared with Saline + NaHS group, the level of
PKA activity was increased in Saline + NaHS
group. Furthermore, when Saline + Heroin group
was compared with NaHS + Heroin group, the
level of PKA was significantly decreased in
NaHS + Heroin group.

Effect of Exogenous H2S on the Level
of p-CREB, p-NR1, p-NR2A, p-NR2B
Receptor Protein in Nucleus Accumbens

We hypothesized that cAMP/PKA-mediated
phosphorylation and activation of CREB are key
mediators in the regulation of NMDA expression
in the rat nucleus accumbens. To confirm it,
Western blot analysis was used to assay phospho-
rylated CREB, NR1, NR2A and NR2B receptor.

Figure 6 showed that in Saline + Heroin,
NaHS + Heroin and Saline + NaHS groups, the
level of p-CREB was significantly increased
compared with Saline + Saline group. When
Saline + Heroin group was compared with NaHS
+ Heroin group, the level of p-CREB was signifi-
cantly decreased in the NaHS + Heroin group.

As showed in Figure 7, 8 and 9, the results
showed that the level of p-NR1 proteins in Saline
+ Heroin group was significantly increased when
compared with Saline + Saline group. When
NaHS + Heroin group was compared with Saline
+ Heroin group, the level of p-NR1 was signifi-
cantly decreased in NaHS + Heroin group.

When NaHS + Heroin group was compared
with Saline + Heroin group, the levels of p-
NR2A and p-NR2B proteins were significantly
increased in NaHS + Heroin group. Moreover,
the NaHS + Saline group can increase the levels
of p-NR2A and p-NR2B proteins compared with
Saline + Saline group.

Discussion

Hydrogen sulfide (H2S) is a gaseous molecule
synthesized both in the peripheral nervous system
and in the CNS in mammals2, and this molecule has
been suggested to influence hippocampus synaptic
plasticity15.

Figure 5. The effect of exogenous H2S on the activity of
PKA in nucleus accumbens of heroin-induce addiction rat.
Compared with Saline group, NaHS significantly increased
the activity of PKA in NAC. The heroin significantly de-
creased the activity of AC in nucleus accumbens. When
comparing NaHS + Heroin group with Saline + Heroin
group, the result showed that the activity of PKA in NAC
was significantly increased in NaHS + Heroin. Note: The
unit of PKA activity was expressed as pmol/min/mg protein.
ap < 0.05 compared with the Saline + Saline group; bp <
0.05 compared with the Saline + NaHS group; cp < 0.05
compared with the Saline + Heroin group. Data is presented
as mean ± SEM n =10 rats per group.
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Figure 6. The effect of exogenous H2S on the level of p-
CREB protein in nucleus accumbens of heroin-induce addic-
tion rat. The result showed that exogenous H2S can decrease
the levels of p-CREB protein caused by heroin. Furthermore,
Exogenous H2S treatment alone can increase the levels of p-
CREB protein in nucleus accumbens. The Western blot is rep-
resentative of five independent experiments. Optical density of
protein bands was quantified by scanning densitometry and
plotted relative to β-actin. ap < 0.05 compared with the Saline +
Saline group; bp < 0.05 compared with the Saline + NaHS
group; cp < 0.05 compared with the Saline + Heroin group. Da-
ta is presented as mean ± SEM n = 5 rats per group.

Saline + NaHS + Heroin + Heroin +
Saline Saline Saline NaHS
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Heroin dependence is a chronic and relapsing
disease and characterized by compulsive drug
seeking and use, also produces excessive degrees
of tolerance and physical dependence, which are
also important factors in the emergence of with-
drawal syndrome. Heroin withdrawal typically
appears if use is reduced abruptly or opioid an-
tagonist (that blocks the action of heroin) is ad-
ministered. Heroin withdrawal is generally char-
acterized by drug craving and can cause serious
physical and emotional trauma including: stroke,
heart attack, and even death16.

The best established molecular adaptations to
long-term drug exposure are up-regulation of the
cAMP/PKA signal pathway, which plays a key
role in the development of opioid tolerance and de-
pendence17,18. Chronic opioid treatment-induced
up-regulation of the cAMP pathway occurs in
many important brain regions such as the nucleus

accumbens19,20. In cAMP/PKA signal pathway, AC
converts ATP to cAMP, which in turn activates cy-
toplasmic PKA. The catalytic units of PKA cross
the nuclear membrane and phosphorylate inactive
CREB. Phosphorylation of CREB in the nucleus
accumbens up-regulates several genes associating
with reward and reinforcement21.

In our experiment, Heroin-administered rat ex-
hibited significant withdrawal signs, thus estab-
lishing a heroin-dependent model in rat. Exoge-
nous H2S can alleviate withdrawal syndrome in
heroin-administered rat. Moreover, our study
showed that exogenous hydrogen sulfide can
stimulate the AC-cAMP-PKA-CREB pathway.
On the other hand, exogenous hydrogen sulfide
still can depress AC-cAMP- PKA-CREB path-
way by heroin stimulation.

NMDA receptors (N-methyl D-aspartate R)
can induce synaptic plasticity change of neurons
by activating the AC-cAMP-PKA-CREB path-

Figure 7. The effect of exogenous H2S on the level of p-NR1
receptor protein in nucleus accumbens of heroin-induce addic-
tion rat. The result showed that exogenous H2S treatment
alone can increase the level of p-NR1 receptor protein in nu-
cleus accumbens. Furthermore, exogenous H2S can decrease
the high level of p-NR1 receptor protein caused by heroin.
However, the level of p-NR1 in each group is insignificantly
different. The Western blot is representative of five indepen-
dent experiments. Optical density of protein bands was quanti-
fied by scanning densitometry and plotted relative to β-actin.
ap < 0.05 compared with the Saline + Saline group; bp < 0.05
compared with the Saline + NaHS group; cp < 0.05 compared
with the Saline + Heroin group. Data is presented as mean ±
SEM n = 5 rats per group.

Saline + NaHS + Heroin + Heroin +
Saline Saline Saline NaHS
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Figure 8. The effect of exogenous H2S on the level of p-
NR2A receptor protein in nucleus accumbens of heroin-in-
duce addiction rat. The result showed that exogenous H2S
treatment alone can increase the level of p-NR2A receptor
protein in nucleus accumbens. Furthermore, exogenous H2S
can increase the low level of p-NR2A receptor protein
caused by heroin. The Western blot is representative of five
independent experiments. Optical density of protein bands
was quantified by scanning densitometry and plotted rela-
tive to β-actin. ap < 0.05 compared with the Saline + Saline
group; bp < 0.05 compared with the Saline + NaHS group;
cp < 0.05 compared with the Saline + Heroin group. Data is
presented as mean ± SEM n =5 rats per group.
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pressed both synaptically and extrasynaptically30.
The NMDARs are regulated by phosphorylation,
and kinases such as tyrosine kinase and
serine/threonine kinase have been shown to mod-
ulate NMDAR ion channel activity31,32. The phos-
phorylation of NR1 is by protein kinase C and
cAMP-dependent protein kinase (PKA), respec-
tively33. NR2B subunits are phosphorylated by
CaM kinase II, PKA, PKC and protein tyrosine
kinase34-36. Our study showed that the phosphory-
lation of NMDA receptors was changed by
NaHS. However, for different NMDA receptors,
the changes were different. The p-NB2B and p-
NR2A were significantly increased by NaHS and
decreased by heroin. However, NaHS + Heroin
group showed that the level of p-NB1R was sig-
nificantly decreased when compared with Saline
+ Heroin group. The changes of p-NB2B and p-
NR2A levels may be related to up-regulation of
the cAMP/PKA signal pathway.

Conclusions

The present report demonstrates that behavioral
and neuro-chemical effects of heroin can be signif-
icantly attenuated by administration of exogenous
H2S. Therefore, a low dose of NaHS offering pro-
tective effect may act through suppressing AC-
cAMP-PKA-CREB pathway. However, there are
still many questions to be clarified-especially, why
can exogenous H2S depress AC-cAMP-PKA-
CREB pathway by heroin stimulation? And why
can simple exogenous H2S treatment without hero-
in treatment stimulate AC-cAMP-PKA-CREB
pathway? They need to be further studied.
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