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Abstract
In this study, we examined whether hyperbaric oxygen  (HBO2) plays a detoxification role in withdrawal symptoms in a 
morphine-dependent rat model. The model was established through injections of morphine at increasing doses for 7 days. 
Withdrawal symptoms were induced by naloxone injection on the 8th day. The detoxification effect of  HBO2 was evaluated 
using the withdrawal symptom scores, biochemical indices and neurotransmitters. Compared with the model group,  HBO2 
therapy significantly attenuated the withdrawal symptom scores, body weight loss and the level of norepinephrine level, 
whereas it increased the dopamine level and tyrosine hydroxylase expression in the nucleus accumbens. Moreover,  HBO2 
therapy substantially alleviated the NO, NOS, cAMP, and cGMP levels. Our findings indicate that  HBO2 can effectively 
alleviate withdrawal symptoms induced by morphine dependence, and these effects may be attributed to the modulation of 
monoaminergic neurotransmitters and the suppression of the NO–cGMP signaling pathway.

Keywords Hyperbaric oxygen · Withdrawal symptoms · Morphine dependence · Neurotransmitters · NO–cGMP signaling 
pathway

Introduction

Opiate dependence is a chronic brain disorder, and it repre-
sents a considerable portion of the medical and economic 
burdens currently placed on society [1]. Repeated exposure 

to opioids leads to the development of dependence, which 
may be assessed by the emergence of a withdrawal syndrome 
following the administration of naloxone (a competitive opi-
oid antagonist) [2]. There are currently medicines to allevi-
ate opioid withdrawal symptoms, such as clonidine, metha-
done, and naltrexone [3, 4]. However, these drugs have side 
effects and a high potential for relapse. Therefore, there is Chunxia Chen and Qiuping Fan have contributed equally to this 
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an urgent need to develop novel therapeutic strategies for 
opioid addiction.

It is well established that the dopamine (DA) system plays 
a critical role in the rewarding effects of additive drugs, par-
ticularly DA transmission in the nucleus accumbens (NAc) 
[5–7]. DA is synthesized by the hydroxylation and decarbox-
ylation of l-tyrosine in the substantia nigra and ventral teg-
mental area. Following release from presynaptic terminals, 
DA mediates neurotransmission by activating DA receptors 
mainly located in the NAc, frontal cortex, and hippocampus 
[8]. Furthermore, norepinephrine (NE) has been reported to 
be necessary for morphine-induced rewarding effects and 
mesoaccumbens dopamine release [9]. Moreover, as a labile 
and highly diffusible gas synthesized from l-arg by NO syn-
thase (NOS), NO has been implicated in the expression and 
development of morphine tolerance and dependence [10, 
11]. NO combines with soluble guanylyl cyclase (sGC) to 
produce the second messenger cGMP [12], which is recog-
nized as the classical NO–cGMP signaling pathway involved 
in reward memory [13]. Furthermore, NO may be involved 
in mediating DA release [14] and modulating dopaminergic 
effects induced by morphine [15].

Hyperbaric oxygen  (HBO2) is a unique therapy employed 
to improve symptoms induced by hypoxia and ischemia. 
Clinical work has indicated that  HBO2 adjunctive therapy 
has a favorable effect on myocardial infarction, stroke and 
neurodegenerative disorders [16–18]. Data from our labora-
tory have demonstrated that  HBO2 combined with diltiazem 
pretreatment protected against myocardial ischemia–reperfu-
sion injury [19], and  HBO2 combined with madopar had a 
neuroprotective effect on 6-OHDA-induced Parkinson’s dis-
ease (PD) rats [20]. We recently showed that  HBO2 acts as a 
neuroprotective agent in preventing cognitive impairments 
induced by d-galactose by improving cholinergic neurotrans-
mitters, increasing anti-apoptotic functions, and suppressing 
inflammatory responses [21, 22]. It has been reported that 
 HBO2 suppressed naloxone-precipitated physical signs of 
withdrawal in morphine-dependent mice [23], however, its 
further mechanism is still unknown.

In this study, we investigated the effect of  HBO2 on 
naloxone-induced withdrawal symptoms using a morphine 
dependent rat model and explored the monoaminergic 
neurotransmitter (DA and NE) levels and the underlying 
NO–cGMP signaling pathway.

Materials and Methods

Animal Protocols

One hundred male SD rats with weights that ranged from 
180 to 220 g were purchased from the Experimental Animal 
Center of Guangxi Medical University. The rats were housed 

under standard conditions (temperature at 23–27 °C, relative 
humidity at 50–70%). The research was conducted accord-
ing to protocols approved by our institutional ethical com-
mittee (approval No. 20110501202) and the Guide for the 
Care and Use of Laboratory Animals, 8th Edition (National 
Academies Press, Washington, DC, 2011). Following accli-
mation for 1 week, the rats were divided into four groups 
with 25 rats per group. The normal control group received 
a daily subcutaneous injection of physiological saline and 
orally distilled water. The rats in groups 2 through 4 were 
subcutaneously injected with morphine (Shenyang No. 1 
Pharmaceutical, China) at increasing doses of 20, 40, 60, 
80, 100, 100 and 100 mg/kg twice daily (9:00 AM, 5:00 
PM) for 7 days. The rats in group 2 served as the morphine 
model group and received distilled water orally. The rats 
in group 3 served as the positive control group (clonidine 
group) and were intragastrically administered 0.4 mg/kg 
clonidine (Shanxi Xiyue Pharmaceutical, China) once per 
day 30 min prior to the morning morphine injection. Group 
4 served as the  HBO2 group and completed  HBO2 treat-
ment 30 min prior to the morning morphine injection. The 
animals received  HBO2 treatment in a hyperbaric chamber 
(Yantai Hongyuan Co., Ltd) as our previously described by 
our group [21]. Briefly, the chamber was first ventilated with 
100%  O2 at a flow rate of 2.0 L/min to minimize  CO2 accu-
mulation. The pressure was increased to 0.25 MPa at a rate 
of 100 kPa/min, and the animals were kept at that pressure 
for 60 min while breathing pure oxygen at depth. Then the 
pressure was decreased to atmospheric pressure at a uniform 
rate of 25 kPa/min.

Calculation of Withdrawal Symptom Scores 
and Body Weight Changes in Rats

On day 8 (9:00 AM), the rats in groups 2–4 (n = 10 per 
group) were treated with morphine (100 mg/kg). Two hours 
after the last morphine injection, the rats were injected with 
naloxone (Beijing Sihua Pharmaceutical, China; 4 mg/kg, 
intraperitoneal). According to previous studies, the with-
drawal symptoms of all rats were observed and scored for 
15 min after naloxone administration as shown in Table 1 
[24, 25]. The withdrawal symptom scores and body weight 
changes were monitored until day 10. However, the rats did 
not receive a naloxone injection on days 9 and 10. The time 
is presented in hours with reference to the base body weight 
from day 7 (5:00 PM).

Tissue Sampling of NAc

On day 8, the remainding 15 rats per group were anes-
thetized with sodium pentobarbital (30 mg/kg, i.p.). The 
brains of 10 rats were promptly dissected, whereas 5 rats 
were rapidly perfused with 250 mL normal saline followed 
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by 250 mL of 4% paraformaldehyde at 4 °C. According to 
the rat brain stereotaxic coordinates [26], the left NAc tis-
sue was isolated on an ice-cold plate: + 2.76 mm anterior, 
+ 1.0 mm lateral to the midline and 5.5 mm ventral. The 
former 10 samples were properly conserved at − 80 °C for 
the biochemical marker test; the remaining 5 samples were 
fixed in 4% paraformaldehyde and prepared for subsequent 
immunohistochemical staining.

Assay of NO and NOS in the NAc

Five samples were homogenized (Ningbo, China) in ice-cold 
physiological saline (10% w/v) to produce a 5% homoge-
nate. The supernatant was subsequently collected for the 
measurement of NO and NOS (Nanjing Jiancheng Bioen-
gineering Institute, China) according to the manufacturer’s 
instructions.

Measurement of the Contents of DA, NE 
and 5‑HT Contents by High‑Performance Liquid 
Chromatography (HPLC)

Serum and 5 fresh NAc samples were added with or homog-
enized in PBS buffer that contained 0.2 M perchloric acid in 
an iced condition and were centrifuged at 13,000 r/min and 
4 °C for 15 min. The supernatants were collected and added 
to a PBS buffer that contained 0.2 M perchloric acid and were 

centrifuged again in the same condition. The supernatants 
were used to measure the DA, NE and 5-HT contents using 
HPLC (Shimadzu LC-20AT System, Shimadzu Corporation, 
Japan) equipped with an RF-20A fluorescence detector (Shi-
madzu Corporation, Japan) [25].

Determination of cGMP and cAMP Levels in NAc

The cGMP and cAMP levels in the NAc were measured in 
the homogenates of 5 brains using a cyclic GMP competitive 
enzyme linked-immunosorbent assay (ELISA) kit and cyclic 
AMP competitive ELISA kit following the manufacturer’s 
instructions (Invitrogen Corporation, USA).

Immunohistochemistry

Immunohistochemical procedures were conducted according 
to our previous studies [22, 27]. After processing with routine 
histological procedures, NAc samples were cut into 4 μm-thick 
sections. The sections were deparaffinized and dehydrated 
through a graded series of alcohol, followed by incubation in 
3%  H2O2 for 10 min to repair antigen. The specimens were 
incubated with tyrosine hydroxylase (TH) primary antibody 
(1:100 dilution, Zhongshan Goldenbridge Biological Technol-
ogy, China) overnight at 4 °C, biotinylated goat anti-rabbit 
immunoglobulin G at 30 °C for 25 min, and streptavidin–bio-
tin complex at 30 °C for 20 min, respectively. Following five 
washes with 0.1 mol/L PBS for 3 min each, the sections were 
incubated with diaminobenzidine for 15 min at room tempera-
ture and examined under a light microscope with a magnifica-
tion of ×400 (OLYMPUS BX 53F, Germany). The positive 
cell counts were measured in five independent sections for 
each section, and the interest region was analyzed by a patho-
logical image analyzer (Leica DM6000, Germany).

Statistical Analysis

The results are expressed as the mean ± SD. Statistical analy-
ses were conducted using Statistics Package for Social Sci-
ence 13.0 software (SPSS Inc., USA). Two-way analysis of 
variance (ANOVA) was used for the statistical analysis of the 
withdrawal symptom scores and body weight loss, and one-
way ANOVA was employed for the statistical analysis of the 
remaining data. A post hoc analysis was conducted with the 
LSD t-test. A P-value < 0.05 was considered to be statistically 
significant.

Table 1  Evaluation standards 
of withdrawal symptoms in 
morphine-dependent rats after 
naloxone treatment

Withdrawal symptoms Scores

Abnormal posture
 Writhing 2
 Wet dog shake 2

Irritability
 Touchness 1
 Nearness 2

Teeth chatter
 Discontinuity 0.5
 Continuity 1

Sialorrhea
 Mild 1
 Marked 2

Diarrhea
 Soft stool 4
 Not forming 8
 Lacrimation 4

Body weight loss rate
 < 2 0
 2–4 5
 4–6 10
 6–8 15
 > 8 20
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Results

Withdrawal Symptom Scores and Body Weight 
Changes

A two-way ANOVA identified significant effects of 
time [F (2, 72) = 160.923, P < 0.001], treatment [F (3, 
36) = 122.202, P < 0.001], and time × treatment [F (6, 
72) = 31.625, P < 0.001]. The post hoc analysis indicated 
that  HBO2 treatment was effective in reducing withdrawal 
symptom scores compared with the model group (Fig. 1a, 
P < 0.05). Similarly, clonidine significantly attenuated 
the withdrawal symptom scores, when compared with the 
morphine-dependent model group (P < 0.05).

A two-way ANOVA identified significant effects of 
time [F (4, 144) = 64.266, P < 0.001], treatment [F (3, 
36) = 17.138, P < 0.001], and time × treatment [F (12, 
144) = 15.680, P < 0.001]. The body weight was decreased 
in the model group after naloxone injection, and this 
decrease occurred at 19 h (1 h after naloxone injection). 
However, the post hoc analysis indicated that the body 

weight change was significantly reduced following the 
administration of  HBO2 (Fig. 1b).

NO and NOS Levels in the NAc

In this study, the content of NO increased approximately 
2.01-fold in the model group compared with the normal 
control group [F = 41.476, P < 0.001]. In contrast, it was 
reduced by 47.76 and 32.84% in the  HBO2 group and cloni-
dine groups, respectively, compared with the model group 
(Fig. 2a, P < 0.05).

As indicated in Fig. 2b, the activity of NOS was 1.77-fold 
higher in the model group than in the normal control group 
[F = 55.330, P < 0.001], which was recovered in the  HBO2 
and clonidine group (Fig. 2b, P < 0.05). Moreover, the activ-
ity of NOS in the NAc was lower in the  HBO2 group than in 
the clonidine group (P < 0.05).

DA, NE and 5‑HT Contents in Serum and NAc

The results of the HPLC analysis of monoaminergic neu-
rotransmitters, such as the DA, NE and 5-HT contents, 
in the serum of each group are shown in Fig. 3a, B, C. 

Fig. 1  Effects of  HBO2 on 
withdrawal symptom scores 
and body weight in morphine-
dependent rats. The results are 
presented as the mean ± SE 
(n = 10). Withdrawal symp-
toms were scored for 15 min 
after naloxone injection. The 
times are presented in hours 
with reference to the base body 
weight from day 7 (5:00 PM). 
*P < 0.05, ***P < 0.001
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The levels of DA and NE in the serum were significantly 
higher, whereas the 5-HT level was lower in the mor-
phine-dependent model group than in the normal control 
group [FDA = 4.102, P < 0.05; FNE = 19.265, P < 0.001; 
F5-HT = 20.768, P < 0.001]. The levels of DA, NE and 5-HT 
recovered in the  HBO2 group and clonidine therapy group 
(P < 0.05).

As shown in Fig. 3d, e, a significantly lower level of DA 
and a higher level of NE were identified in the NAc region of 
the model group than the normal control group [FDA = 4.432, 
P < 0.05; FNE = 64.370, P < 0.001]. The animals treated with 
 HBO2 or clonidine exhibited a significant increase in the 
DA level and a decrease in the NE level (P < 0.05). The NE 
level in the NAc region of the  HBO2 group also significantly 
differed from the clonidine group (P < 0.05).

cAMP and cGMP Levels in the NAc

As shown in Fig. 4, the cAMP and cGMP levels were signifi-
cantly increased in the model group compared to the normal 
control group [FcAMP = 24.230, P < 0.001; FcGMP = 31.836, 
P < 0.001]. However, the increased levels of cAMP and 
cGMP in the NAc were significantly reduced in the  HBO2 

or clonidine treatment, relative to the morphine-dependent 
model group (P < 0.05). In addition, the  HBO2 group exhib-
ited a significant decrease in the cGMP level compared to 
the clonidine group (P < 0.05).

TH Expression in the NAc

Representative microphotographs of TH immunostaining 
in the NAc are presented in Fig. 5a. The administration of 
naloxone in the morphine-dependent rats caused decreased 
TH expression in the NAc compared to the control group 
(Fig. 5b) [F = 45.526, P < 0.001]. Interestingly, these altera-
tions in the model rats were alleviated by treatment with 
 HBO2 or clonidine and were accompanied by a concomitant 
increase in TH-positive neurons (P < 0.05).

Discussion

This study provides the first insights regarding the modula-
tion of monoaminergic neurotransmitters and the NO sign-
aling pathway as mechanisms that underlie the therapeu-
tic action of  HBO2 in alleviating withdrawal symptoms in 
morphine dependence. Our results demonstrated that  HBO2 
effectively attenuated withdrawal symptom scores and body 
weight loss. To explore the mechanism, we determined that 
 HBO2 participated in the regulation of NE, DA, 5-HT and 
TH levels. Moreover, treatment with  HBO2 normalized the 
NO, NOS, cAMP and cGMP levels in morphine dependent 
rats. Taken together, these results suggest that  HBO2 mitiga-
tion of morphine withdrawal symptoms involves the regula-
tion of monoaminergic neurotransmitters and the NO–cGMP 
signaling pathway.

Withdrawal symptoms are considered to play a critical 
role in relapse behavior after precipitation withdrawal [28]. 
In a previous paper, researchers reported that  HBO2 treat-
ment significantly suppressed the physical signs of with-
drawal syndrome in morphine-dependent mice, including 
jumping, forepaw tremor, wet-dog shakes, rearing and def-
ecation [23].

To quantitatively assess precipitated abstinence behavior, 
the body weight change was recorded. We determined that 
the most substantial weight loss occurred at 1 h after nalox-
one injection, and  HBO2 treatment significantly reduced the 
body weight change. In addition to the inhibition of weight 
loss,  HBO2 substantially attenuated the withdrawal symptom 
scores. These findings suggest a potential role of  HBO2 in 
attenuating the development of opioid dependence.

Morphine dependence results from adaptive changes in 
signal transduction networks in several brain regions, such 
as the NAc, ventral tegmental area, hippocampus, and pre-
frontal cortex [8]. Among these regions, the NAc is the most 
recognized region. Increasing evidence has suggested that 

Fig. 2  Effects of  HBO2 on NO and NOS levels in the NAc. 
The results are presented as the mean ± SE (n = 5). *P < 0.05, 
***P < 0.001
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neurotransmitters, such as DA and NE, are involved in opi-
ate addiction [9, 29, 30]. Previous research has indicated a 
sharp increase in DA and NE levels in the NAc following 
chronic morphine administration [9]. It should be noted that 
our previous study indicated that in addition to substantially 
increased NE, DA was reduced in the NAc after naloxone-
induced withdrawal in morphine-dependent rats [25]. Con-
sistent with previous studies, similar results were obtained 
in the morphine dependent group; however, the levels of NE 
and DA were reversed after treatment with  HBO2. Data from 
other researchers have indicated that exposure to 2–3 ATA 
of  HBO2 produced a significant decrease in striatal DA and 
NE levels [31, 32] in freely moving rats [33] and a rat model 
of transient middle cerebral artery occlusion [34], which 
supported our results.

As TH is a rate-limiting enzyme that mediates the synthe-
sis of DA, TH-positive neurons in the NAc represent the DA 
content to some extent. Our immunohistochemical results 
supported the variation tendency of the DA level in the NAc 

region, which was consistent with our previous study using a 
6-hydroxydopamine hydrochloride-induced PD model [20]. 
Moreover, it has been reported that 5-HT is implicated in the 
phenomena of opiate tolerance and dependence; however, 
the mechanisms are poorly understood [29]. Historically, it 
has also been reported that the concentrations of 5-HT in the 
mouse brain were decreased following exposure to  HBO2 at 
the pressure of 4–5 ATA [31, 35]. In this study, using a mor-
phine dependent model, we showed that withdrawal induced 
by naloxone is followed by a significant decrease in the 
serum 5-HT content, which was in agreement with a previ-
ous report [36]. In contrast, the 5-HT level was recovered by 
 HBO2 treatment. These results indicated that  HBO2 appears 
to act as a modulator of monoaminergic neurotransmitters.

NO plays important roles in diverse physiological pro-
cesses in the brain, including cerebral vasodilation, mod-
ulation of excitotoxicity, long-term potentiation and neu-
rotransmission [37–39]. It has been reported that  HBO2 
substantially increased the metabolites of NO levels in the 

Fig. 3  Effects of  HBO2 on monoaminergic neurotransmitters contents in the serum and NAc. The results are presented as the mean ± SE (n = 5). 
*P < 0.05, **P < 0.01, ***P < 0.001
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rat corpus striatum, brainstem, hippocampus, cerebellum 
and spinal cord [40, 41], as well as the cGMP level in serum 
[42]. In contrast, it has also been reported that  HBO2 treat-
ment significantly decreased the spinal NOS expression in 
a model of neuropathic pain [43], which may involve the 
NO–cGMP signal transduction pathway [44], although inhi-
bition of NOS did not contribute to decreased cerebral oxy-
genation during hyperoxia [45]. Recent research indicates 
that NO in the NAc may be a critical neurochemical deter-
minant of morphine dependence [46, 47]. It participated 
in the activation of NMDA receptors to interfere with the 
acquisition or expression of morphine reward [48] and was 
involved in synaptic plasticity and enhanced memory forma-
tion via the NO–cGMP pathway [13]. Our present results 
indicated that the NO, NOS and cGMP levels were signifi-
cantly increased in a morphine dependent model, which was 
consistent with a previous study [25]. We showed that  HBO2 
alleviated these changes in morphine dependent rats, which 
suggests that inhibition of the NO–cGMP pathway may be 
one mechanism of  HBO2 against withdrawal symptoms in 
morphine dependent rats.

The development of opioid dependence and withdrawal is 
related to the upregulation of the cAMP pathway by increas-
ing of adenylate cyclase (AC) system supersensitivity [49, 

50]. A previous study demonstrated that the downregula-
tion of cAMP responded to attenuate morphine withdrawal 
behaviors [51]. In agreement with this finding, in the pre-
sent study, we determined that repeated morphine treatment 
significantly increased the cAMP expression in the NAc. 
Interestingly,  HBO2 treatment restored the cAMP expres-
sion, which implied  HBO2 produced a detoxification effect 
that may be involved in the suppression of the AC-cAMP 
pathway.

However, our study has several limitations. First, the 
sample peak of 5-HT in the NAc brain region was not satis-
factory, although various mobile phases and mixture ratios 
between methanol and salt solution were employed. Second, 
it needs to be further investigated that the different change 
tendency of monoaminergic neurotransmitter in NAc region 
and its mechanism. Third, additional studies are required to 
ascertain the DA receptors, cAMP pathway-related factors 
and molecular events that underlie the effect of  HBO2 on 
opiate addiction.

Fig. 4  Effects of  HBO2 on cAMP and cGMP levels in the NAc. 
The results are presented as the mean ± SE (n = 5). *P < 0.05, 
***P < 0.001

Fig. 5  Immunohistochemical changes. TH was examined in the NAc. 
a Representative photomicrograph showing TH-positive cells. The 
scale bar represents 50 μm. b Bar represents the mean ± SE (n = 5). 
*P < 0.05, ***P < 0.001
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In conclusion, the current findings demonstrated that 
 HBO2 is important in the regulation of morphine depend-
ence and withdrawal. This effect may be mediated by the 
modulation of monoaminergic neurotransmitters and sup-
pression of the NO–cGMP and cAMP pathways. Our find-
ings suggest that  HBO2 may be a potential therapy for the 
treatment of opioid addiction.
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