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Abstract

Background: Reactive oxygen and nitrogen species are key molecules that mediate neuropathic pain. Although hydrogen is
an established antioxidant, its effect on chronic pain has not been characterized. This study was to investigate the efficacy
and mechanisms of hydrogen-rich normal saline induced analgesia.

Methodology/Principal findings: In a rat model of neuropathic pain induced by L5 spinal nerve ligation (L5 SNL),
intrathecal injection of hydrogen-rich normal saline relieved L5 SNL-induced mechanical allodynia and thermal hyperalgesia.
Importantly, repeated administration of hydrogen-rich normal saline did not lead to tolerance. Preemptive treatment with
hydrogen-rich normal saline prevented development of neuropathic pain behavior. Immunofluorochrome analysis revealed
that hydrogen-rich normal saline treatment significantly attenuated L5 SNL-induced increase of 8-hydroxyguanosine
immunoreactive cells in the ipsilateral spinal dorsal horn. Western blot analysis of SDS/PAGE-fractionated tyrosine-nitrated
proteins showed that L5 SNL led to increased expression of tyrosine-nitrated Mn-containing superoxide dismutase (MnSOD)
in the spinal cord, and hydrogen-rich normal saline administration reversed the tyrosine-nitrated MnSOD overexpression.
We also showed that the analgesic effect of hydrogen-rich normal saline was associated with decreased activation of
astrocytes and microglia, attenuated expression of interleukin-1f (IL-1B) and tumor necrosis factor-o (TNF-a) in the spinal
cord.

Conclusion/Significance: Intrathecal injection of hydrogen-rich normal saline produced analgesic effect in neuropathic rat.
Hydrogen-rich normal saline-induced analgesia in neuropathic rats is mediated by reducing the activation of spinal
astrocytes and microglia, which is induced by overproduction of hydroxyl and peroxynitrite.
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energy electrons along the mitochondria electron transport chain
causes the formation of superoxide (Og ), hydrogen peroxide
(HyO9 and peroxynitrite [8-11]. Therefore, in the spinal dorsal
horn where signals from primary somatosensory neurons are

Introduction

Reactive oxygen species (ROS) and reactive nitrogen species
(RNS) are key factors in the pathogenesis of central nervous system

(CNS) disorders. Studies have shown that ROS and the superoxide
byproduct peroxynitrite (ONOQO ) are involved in neuropathic
pain [1, 2]. Free radical scavengers such as TEMPOL, phenyl-N-
tert-butylnitrone (PBN) and vitamin E, could alleviate neuropathic
pain [3-6], delivery these agents directly to the sub-arachnoid space
produced more potent effects, suggesting that antioxidants exert
their anti-allodynic action mainly at the spinal levels [7]. The CNS
derives its energy almost exclusively from oxidative metabolism of
the mitochondrial respiratory chain, and consumes a dispropor-
tionately high amount of the body’s Oy supply. Leakage of high
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modulated depending on prior experience, ROS and RNS play an
important role in the balance between inhibitory and facilitatory
influence.

There is considerable evidence that ROS and RNS contribute
to neuropathic pain. However, there remains much uncertainty as
to the relative contribution of different types of ROS or RNS
molecules. Free radical scavengers indeed alleviate neuropathic
pain, but we have not elucidated an antioxidant with no adverse
side effects for therapeutic use. Hydrogen has been identified as a
ROS scavenger. Ohsawa and colleagues found that hydrogen acts
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Figure 1. Effects of intrathecal injection of HRS on mechanical
thresholds in rat model of neuropathic pain. On the third post-
operative (PO) day, the rats were divided into two groups of five, each
group receiving either HRS or NS, and behavior tests were done for
8 hrs followed by 48 hrs of rest, and the testing process was repeated.
So every rat received all the two treatments followed by behavior
testing after each. Thus each point represents the results from ten rats.
Note the great increase of mechanical thresholds after HRS injections.
Eight hrs after the injection, the thresholds declined to the level of the
NS group. Data are expressed as mean=SEM. n=10. Asterisks indicate
significant (p<<0.05) differences from the NS control group by a two-
way repeated ANOVA.

doi:10.1371/journal.pone.0097436.g001

as an anti-oxidant by selectively reducing hydroxyl (OH) and
peroxynitrite radicals [12]. However, the analgesic efficacy of
hydrogen on neuropathic pain is unknown.

Astrocytes are the most abundant cells in CNS and were
historically regarded as support cells [13]. Astrocytes contact with
neural synapses closely. It is possible that astrocytes not only
support the neurons but also modulate the synaptic transmission
by regulating the external environment of synapse. Studies have
demonstrated that astrocytes contribute to both induction and
maintenance of neuropathic pain [14-20]. Microglia are derived
from peripheral myeloid precursor cells and penetrate the CNS
during embryogenesis [21]. In CNS, microglia are heterogeneous-
ly distributed, the spinal cord is one of the areas where microglial
density is particularly high [22,23]. The number of microglia
dramatically increases after peripheral never injury in pain models.
Numerous studies have demonstrated that microglia contribute to
neuropathic pain [24-27]. Moreover, a series of studies have
implied that the production of ROS in both astrocytes and
microglia contribute to neuronal inflammatory process, neuronal
death and pain disorders in the CNS [28-32]. Therefore, we
speculated that production of ROS and RNS within spinal
astrocytes and microglia may be involved in glial activation,
leading to central sensitization.

In the present study, we characterized the effect of hydrogen-
rich normal saline (HRS) on mechanical and thermal hyperalgesia
in a rat model of neuropathic pain, in an attempt to provide
evidences to confirm hydroxyl and peroxynitrite as significant
mediators of glial activation and proinflammatory cytokine release
in neuropathic rats. We hypothesize that elimination of hydroxyl
and peroxynitrite within spinal glial cells by HRS will attenuate
activation of astrocytes and microglia, prevent proinflammatory
cytokine-mediated central sensitization, and thus be a potential
therapy for neuropathic pain.
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Figure 2. Effects of repeated injection of HRS on mechanical
thresholds and paw withdraw latency. Staring 3 days before the
lesion, rats of each group received repeated intrathecal injection of HRS
or NS respectively at 24 hrs intervals for 15 days. Sham-operation rats
received no injection. Mechanical thresholds (A) and PWLs (B) of all rats
were determined every 24 hrs. Mechanical thresholds and PWLs of HRS
or NS treated rats remained the same levels as the sham rats at the time
point of 0 PO day. Note the great increase in mechanical thresholds and
PWLs of rats received HRS, and that there is no development of
tolerance. Data are expressed as mean*SEM. n=10 for A and B.
Asterisks indicate values significantly (p<<0.05) different from controls
using a two-way repeated ANOVA followed by the Duncan post hoc
test.

doi:10.1371/journal.pone.0097436.9g002

Materials and Method

Sample size, randomization and blinding

The sample size of this study was calculated using G*power 3.1
software (Universitat Kiel, Germany). Randomization was per-
formed using a computerized random number generator and
animals were assigned to each group by residue method. All the
behavior testing and the section analysis were performed by an
investigator blinded to the origin of the animal.

Experimental animals

Young adult male Sprague-Dawley rats (3 months old, 300
320 g, Sino-British SIPPR/BK Laboratory Animal Ltd., Shang-
hai, China) were housed two per cage with free access to food and
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Figure 3. Effects of HRS pretreatment on the development of
neuropathic pain behavior. All rats received repeated injection of
HRS or NS at 24 hrs intervals for 6 days, on the fourth day after the first
dose, L5 spinal nerve was ligated. Note that mechanical thresholds (A)
and PWLs (B) were significantly elevated in HRS group as compared to
controls, and this effect lasted for 3 days after the administration
ceased. Data are expressed as mean=SEM. n=10 for A and B. Asterisks
indicate values significantly (p<<0.05) different from controls using a
two-way repeated ANOVA followed by the Duncan post hoc test.
doi:10.1371/journal.pone.0097436.9003

water. Rats were acclimated for at least 5 days before experimen-
tal procedures. Basic foot withdrawal thresholds to mechanical
stimuli and paw withdraw latencies (PWLs) to heat stimuli were
tested for all rats, animals with abnormal mechanical thresholds or
PWLs were excluded. All experimental procedures were approved
by the Ethics Committee for Animal Experimentation of the
Second Military Medical University. The protocols used in this
research project complied with the guidelines for the care and use
of laboratory animals of the Second Military Medical University.

Rat model of neuropathic pain (L5 spinal nerve ligation
(L5 SNL))

Rats were anesthetized with isoflurane (2% induction, 1.5%
maintenance) in Oy, and placed in the prone position. After
removing the left L6 vertebral transverse process, the L5 spinal
nerve on the left side was separated from the adjacent L4 spinal
nerve and the L5 spinal nerve was tightly ligated using 6-0 silk
thread [33].
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Intrathecal catheterization

Rats were anesthetized with isoflurane and mounted in a
conventional stereotaxic frame. A midline incision was made on
the skull and the superficial neck muscles were separated by a
midline incision. The underlying layer of muscles were separated
along the midline by blunt dissection. Next, the muscles were
separated from their point of origin on the occipital bone to expose
the atlanto-occipital membrane. A small incision was then made
on the membrane. A 12.5 cm PE-10 tube (Becton Dickinson and
Co., Franklin Lakes, NJ USA) was inserted into the spinal
subarachnoid space [34]. The tip of the tube lay in the region of
the lumbar enlargement. Before implantation, the tube was
sterilized by immersion in 75% ethanol, followed by normal
saline (NS) wash, and was filled with NS. The tube was then
secured by a loop of suture material around it and through the
neck muscle. The external end was sealed with a cap made of a
short segment of PE-50 tube (Becton Dickinson and Co., Franklin
Lakes, NJ USA) with one end closed. The foot withdrawal
thresholds to mechanical stimuli and the PWLs to heat were
examined after the surgery, rats developed motor/sensory
problems were excluded.

Behavioral testing

The foot withdrawal thresholds to mechanical stimuli were used
as an indicator of mechanical sensitivity of the affected paw. The
mechanical thresholds were measured using the ‘“up-down”
method [35]. Briefly, rats were placed in a plastic chamber
(8.0x8.5x20 cm) on the top of a mesh screen platform and
habituated for at least 10 min. A set of von Frey monofilaments
(von Frey numbers: 3.65, 3.87, 4.10, 4.31, 4.52, 4.74, 4.92 and
5.16; equivalent to 0.45, 0.74, 1.26, 2.04, 3.31, 5.50, 8.32, and
14.45 g, respectively) was chosen. Testing was initiated with
filament 4.31 (2.04 g), in the middle of the series, the filaments
were applied perpendicular to the ventral surface of the base at the
proximal part of the third or fourth toe (this area is the most
sensitive site) with sufficient force to bend the filament slightly for
2-3 s. An abrupt withdrawal of the hind paw during stimulation or
immediately after stimulus removal was considered as a positive
response. If there was a positive response, the next lower filament
was used, and if not, the next higher filament was applied. The test
was continued until responses to six stimuli had been obtained
after the first change in response. The 50% threshold value was
calculated using Dixon’s formula [36]: 50% threshold = 10&+3)/
10*, where X is the value of the final von Frey hair used (in
logarithmic units), ¥ is the tabular value for the pattern of positive/
negative responses, and 9 is the mean difference between stimuli in
logarithmic units (0.22). In cases where continuous positive or
negative responses were observed all the way to the end of the
stimulus spectrum, values of 3.54 (0.34 g) or 5.28 (18.72 g) were
assigned, respectively.

Thermal hyperalgesia was evaluated using Hargreaves’ proce-
dure [37]. Rats were placed in a plastic cage with a glass floor on
the day of the experiment. After a 30 min habituation period, the
plantar surface (the base at the proximal part of the third or fourth
toe) of the hind paw was exposed to a beam of radiant heat
delivered with an infrared bulb (Osram halogen-bellaphot bulb;
8V, 50W) through the glass floor. When paw movement
interrupted the reflected light, a photoelectric cell turned off the
lamp. PWLs were automatically displayed to the nearest 0.1 s, and
the cut-off time was 20 s in order to prevent tissue damage. Light
intensity was preset to obtain a baseline latency of approximately
11 seconds. The time in seconds between the activation of the heat
source and paw withdrawal was recorded. The mean PWL was
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Figure 4. Immunostaining for 8-OH-G and GFAP in sham rats, NS-treated neuropathic rats and HRS-treated neuropathic rats.
Pictures in columns B and C are magnification of the insets shown in column A. Enlargements in the insets in columns B, C and D demonstrate the
changes in cell shape and expression of 8-OH-G (green) and GFAP (red). Double-staining demonstrate colocalization (arrows) of 8-OH-G and GFAP.
Note that an increased number of cells showing immunoreactivity for 8-OH-G and GFAP in neuropathic rats treated with NS as compared to the sham
rats. And number of cells showed colocalization of 8-OH-G and GFAP in NS treated neuropathic rats was significantly increased as compared to the
sham rats. HRS greatly reversed L5 SNL induced production of 8-OH-G, activation of astrocytes, and increase of 8-OH-G-ir astrocytes. Scale bars,

100 um and 25 um in the inset.
doi:10.1371/journal.pone.0097436.9g004

calculated from six consecutive trials (each performed every
30 min).

Treatment with HRS

Hydrogen rich normal saline was obtained from the Depart-
ment of Diving Medicine, the Faculty of Naval Medicine, Second
Military Medical University. Normal saline was hydrogenated
under 0.4 Mpa (1Mpa=1x10° pascal) for 6 hrs to a supersatu-
rated level, sterilized with gamma radiation and stored under
atmospheric pressure (approximately 101325 pascal in Shanghai,
China) at 4°C in a sealed aluminum bag with no dead space, and
used within a week [38-40]. Hydrogen content was 0.6 mmol/L
as measured with gas chromatography [12]. For treatment, 20 ul
of HRS was injected intrathecally. Control rats received an equal
volume of NS.

PLOS ONE | www.plosone.org

Immunostaining

Rats were sacrificed 1 hr after HRS or NS treatment, on the
12th day after L5 SNL or sham operation, when behavioral
testing was ended. Catheterized rats received no injection were
sacrificed on the 15th day after catheterization. Once rats were
anesthetized, the chest was opened and the aorta was perfused
with saline, followed by cold fixative (4% paraformaldehyde in
0.1 M phosphate buffer (PB, PH 7.4)). The L4-5 spinal cord
segment was removed, post-fixed overnight, and then placed in
30% sucrose until equilibration. The spinal cord was cryosectioned
at 16 um, and the sections were collected in 0.1 M PB. After
blocking with 2% normal human serum containing 0.3% Triton
X-100 in PB for 1 hr at room temperature, all sections were
incubated with a mixture of primary mouse monoclonal antibody
against 8-OH-G (1:200 Abcam, Cambridge, MA USA) and goat
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Figure 5. Numbers of cells expressing 8-OH-G, GFAP, Iba-1 and numbers of double-stained cells in all rats. (A1, A2) Merged images of
photomicrographs immunostaining for 8-OH-G (green) and GFAP (red) in L5 sections of neuropathic rats treated with NS were taken as example, a
rectangular area was manually outlined in the dorsal horn using the rectangular marquee tool, and the size of every selected area is 50 cmx22 cm
(2500 umx1100 um in the spinal sections). At 20-fold magnification, counts were obtained of the numbers of cells in the areas outlined in the
rectangular that were positive for 8-OH-G, GFAP and lba-1, double staining cells in the areas were also counted. (B1, B2) Number of cells showing
immunoreactivity for 8-OH-G in both sides of spinal dorsal horn. (B3, B4) Number of cells showing immunoreactivity for GFAP and Iba-1 in both sides
of spinal dorsal horn. (B5, B6) Number of 8-OH-G-ir astrocytes and 8-OH-G-ir microglia in both sides of spinal dorsal horn. Data are expressed as
mean*SEM. n=10 for B1-6. Compared with the sham rats, L5 SNL induced significant production of 8-OH-G, activation of glial cells and increase of 8-
OH-G-ir glial cells, 1p<<0.01, by one-way ANOVA. HRS blocked the production of 8-OH-G, glial activation and increase of 8-OH-G-ir glial cells, *p<<0.01,
by one-way ANOVA. Compared to contralateral side, L5 SNL induced significant production of 8-OH-G, activation of glial cells and increase of 8-OH-G-
ir glial cells in ipsilateral side. #p<0.01, by one-way ANOVA.

doi:10.1371/journal.pone.0097436.9g005

polyclonal antibody against GFAP (1:200 Santa Cruz Biotechnol- cells in the areas outlined in the rectangular that were positive for
ogy, Santa Cruz, CA USA) or goat polyclonal antibody against Iba 8-OH-G, GFAP and Iba-1, and double staining cells in the areas
1 (1:200 Abcam, Cambridge, MA USA) for 36-48 hrs at 4°C, were also counted. The average number of positively labeled cells

followed by a mixture of donkey anti-mouse IgG Fluorescein was calculated and presented as data.
conjugated and donkey anti-goat IgG cyanine conjugated
secondary antibodies (1:300, Jackson ImmunoResearch Labora- Protein extraction

tories, West Grove, PA, USA) for 2 hrs at room temperature.
Sections were then washed, air-dried, and coverslipped with
mounting medium. To confirm the specificity of the immunola-
beling, some sections were processed as above, but without the
primary antibodies. The sections from all animals were processed
together in each staining process to minimize staining variability.

Animals were anesthetized and exanguinated. The lumbar
spinal cord was quickly dissected, and immediately frozen. Tissues
were stored at —80°C until analysis. Tissue samples (1 g) were
homogenized in 5.0 ml extraction buffer (4°C) consisting of
phosphate buffered saline (PBS) containing 1mM phenylmethyl-
sulfonyl fluoride. Solubilized extracts were sonicated using a
Sections were analyzed with a fluorescence microscope (Nikon sonifier cell disruptor and centrifuged to remove cellular debris.

corporation, Shinjuku, Tokyo Japan), and images were captured The protein concentration was assessed using the Bicinchoninic
with a CCD camera. Consistency was ensured by taking all Acid (BCA) Protein Assay method.

photographs at the same exposure. Digital images were analyzed
using a computer image analysis system (Furi Company, Shanghai
China). Ten serial sections (16 um thick, 150 um apart) were
selected for analysis from each rat. In every image, a rectangular
area was manually outlined in the dorsal horn using the
rectangular marquee tool, and the size of every selected area
was 50 emx22 cm (2500 umx 1100 pm in the spinal sections). At
20-fold magnification, counts were obtained of the numbers of

Nitrotyrosine immunoprecipitation

Solubilized proteins (2 mg) were incubated with 10 ug mouse
monoclonal anti-nitrotyrosine antibody (agarose conjugated,
Millipore Corporation, Billerica, MA, USA). Immune complexes
were precipitated overnight at 4°C, washed in extraction buffer,
resuspended in sample loading buffer (16 mM Tris HCL, PH 6.8/

PLOS ONE | www.plosone.org 5 May 2014 | Volume 9 | Issue 5 | e97436
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Figure 6. Imnmunostaining for 8-OH-G and Iba1 in sham rats, NS-treated neuropathic rats and HRS-treated neuropathic rats. Pictures
in columns B and C are magnification of the insets shown in column A. Enlargements in the insets in columns B, C and D demonstrate the changes in
cell shape and expression of 8-OH-G (green) and Iba-1 (red). Double-staining demonstrate colocalization (arrows) of 8-OH-G and Iba1. Note that an
increased number of cells showing immunoreactivity for 8-OH-G and Iba-1 in neuropathic rats treated with NS as compared to the sham rats. And
number of cells showed colocalization of 8-OH-G and Iba-1 in NS treated neuropathic rats was significantly increased as compared to the sham rats.
HRS greatly reversed L5 SNL induced production of 8-OH-G, activation of microglia, and increase of 8-OH-G-ir microglia. Scale bars, 100 um and

25 pum in the inset.
doi:10.1371/journal.pone.0097436.9g006

2.5% glycerol/0.5% SDS/200 mM 2-mercaptoethanol/0.001%
bromophenol blue), heated and immediately fractionated by
reducing SDS/PAGE in 12% gels.

Western blot analysis

After separation by SDS/PAGE, proteins were transferred
electrophoretically (100 V, 1 hr) to nitrocellulose membranes,
which were blocked (1 hr, 20°C) with 5% nonfat milk in 50 mM
Tris HCI, PH 7.4/150 mM NaCl/0.05% Tween 20 (TBS/T). For
detection of Mn-SOD, blots were incubated (overnight, 20°C) with
mouse monoclonal anti-MnSOD antibody (1:1000, Millipore
Corporation, Billerica, MA, USA). After three times wash in
TBS/T, the immunocomplexed membranes were probed with
goat anti-mouse horseradish peroxidase-conjugated secondary
antibody (1:10000). Probed membranes were washed three times,

PLOS ONE | www.plosone.org

and immunoreactive proteins were detected using enhanced
chemiluminescence. The integrated optical density (IOD) of lanes
resulting from immunoprecipitation was calculated using Image-
pro plus analysis (Media Cybernetics Inc., Rockville, MD, USA).

ELISA

Tissue samples were homogenized in a homogenization buffer
and centrifugated at 40,000xg for 1 hr. The supernatant was
collected, and the. IL-1B and TNF-a levels were assessed by
enzyme-linked immunosorbent assay (R&D Systems, Minneapolis,
MN, USA) according to the instructions of the manufacturer, and
are expressed as picograms per microgram of protein.

May 2014 | Volume 9 | Issue 5 | e97436
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Figure 7. Expression of 8-OH-G, GFAP and Iba-1 in catheterized rats. (A) Photomicrographs of immunostaining for 8-OH-G (green), GFAP
(red) and Iba1 (red) in normal rats and catheterized rats. Enlargements in the insets demonstrate the changes in cell shape and expression of 8-OH-G,
GFAP and Iba-1. There is no significant difference in number of cells showing immunoreactivity for 8-OH-G, GFAP and Iba-1 between catheterized rats
and normal rats. Scale bars, 100 um and 25 pm in the inset. (B1, B2 and B3) Number of cells showing immunoreactivity for 8-OH-G, GFAP and Iba-1 in
both sides of spinal dorsal horn. Data are expressed as mean=SEM. n=10 for B1-3. Compared to the normal rats, catheterization did not induced

significant production of 8-OH-G, activation of glial cells.
doi:10.1371/journal.pone.0097436.9007

Statistics

Data are presented as meanz*standard errors of the mean
(SEM) and analyzed using the SPSS statistical program. For
behavioral responses analysis, two-way repeated ANOVAs were
used, followed by post hoc LSD test. Data from image-analysis,
immunoprecipitation and ELISA were analyzed by one-way
ANOVA analysis. P value of <0.05 was considered to be
significant.

Results

The effect of single-dose HRS on mechanical allodynia
Mechanical thresholds of neuropathic rats were evaluated after
intrathecal injection of single-dose HRS or NS using a randomized
cross-over design [7]. L5 SNL was performed on 10 rats, a
procedure that resulted in marked reduction in mechanical
thresholds. On the third post-operative (PO) day, the rats were
divided into two groups of five, each group receiving either HRS
or saline. Mechanical thresholds were determined for all animals
at a set of time points (1 hr, 2 hrs, 3 hrs, 4 hrs, 6 hrs, 8 hrs after

PLOS ONE | www.plosone.org 7

the injection. The analgesic effect of HRS was short-acting, these
time points were chosen to show the pharmacodynamic charac-
ters). All animals were then rested for 48 hrs. On the fifth PO day,
each group received another injection of HRS or NS, which they
did not receive before, followed by the same paradigm of
behavioral testing. Figure 1 show the summary of all the testing
results and each point represents tests on 10 rats. Note that
mechanical thresholds were markedly reduced after nerve ligation,
and administration of HRS raised these thresholds for about 8 hrs
before the thresholds declined to the level of the NS group.

The long-term effect of HRS treatment on mechanical
allodynia and thermal hyperalgesia

To examine long-term effects of HRS, 20 rats were selected and
randomly divided into two groups: HRS group and NS group.
These 20 rats received intrathecal injection of HRS or saline
respectively at 24 hrs intervals for 15 days, on the third day after
the first dose, the L spinal nerve was ligated. Another 10 rats were
selected and underwent a sham operation but received no
injection. From the L5 SNL day to 12 days after L5 SNL,
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Figure 8. HRS blocks nitrition of MnSOD in spinal cord of
neuropathic rats. (A) When compared to the sham group (lane 5), L5
SNL induced significant nitration of MnSOD in neuropathic rats treated
with NS (lane 1,2). These events were blocked by HRS treatment (lane
3,4). Approximate sizes (kDa) were estimated using prestained
molecular mass markers to the left. (B) The integrated optical density
(IOD) of lanes resulted from immunoprecipitation was obtained using
Image-pro plus analysis. Data are expressed as mean=SEM (n=5).
Compared to the sham rats, L5 SNL induced significant production of
tyrosine-nitrated MnSOD, *p<<0.01, by one-way ANOVA. HRS blocked
the production of tyrosine-nitrated MnSOD, #p<0.01, by one-way
ANOVA.

doi:10.1371/journal.pone.0097436.g008

mechanical thresholds and paw withdraw latencies (PWLs) were
determined for all animals at the time points 23-24 hrs after each
injection, the first examinations of mechanical threshold and PWL
for each rat were done before L5 SNL. Figure 2 shows the results
of behavior testing. Note that mechanical thresholds and PWLs of
HRS or NS treated rats remained the same levels as the sham rats
at the time point of 0 PO day. It was found that mechanical
thresholds and PWLs were reduced dramatically after L5 SNL.
Mechanical thresholds of neuropathic rats received HRS were
increased to a constant level, which was significantly higher than
rats received NS (Figure 2 A). Repeated administration of HRS
markedly raised PWL of the neuropathic rats, and no significant
fluctuations were observed when PWLs reached a latency of
7.5 seconds (on the third PO day). NS injection did not affect the
marked decline of mechanical thresholds or PWLs (Figure 2 B).
We concluded that no tolerance develops when animals receive
repeated treatment of HRS, and injections of HRS do not affect
the basal mechanical threshold and PWL in rat without nerve
ligation.

The effect of preemptive HRS treatment on mechanical
allodynia and thermal hyperalgesia

To examine preemptive analgesic effects, starting 3 days prior
to the neuropathic lesion, HRS was administered intrathecally to
10 rats at 24 hrs intervals for 6 days. Additional 10 rats received
the same paradigm of saline injection, serving as a control group.
On the third day after the first dose, the L5 spinal nerve was
ligated. 10 rats that underwent a sham procedure received no
injection. From the L5 SNL day to 12 days after L5 SNL,
mechanical thresholds and PWLs were determined for all animals
at the time points 23-24 hrs after each injection. Figure 3 is a
summary of the behavior testing results. Evident is the slow decline
in mechanical thresholds after the lesion in rats of the HRS group,
and that the thresholds remain at a higher level than saline group
for several days after cessation of HRS. Mechanical thresholds in
neuropathic rats treated with saline declined sharply, and then
became stable when it reached the level of 3.67 (in logarithmic
units). Mechanical thresholds in rats of the sham group did not
change significantly after the operation (Figure 3 A). The mean
PWL was 5.21£0.67 seconds (mean®SD) in rats of sham group
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Figure 9. Protein content of TNF-a (A) and IL-1§ (B) in both
sides of spinal dorsal horn. Data are expressed as mean*SEM.
n=10 for A and B. Compared to the sham rats, L5 SNL induced
significant production of TNF-o. and IL-1B, p<<0.01, by one-way
ANOVA. HRS blocked the production of TNF-a and IL-1f, *p<<0.01, by
one-way ANOVA. Compared to contralateral side, L5 SNL induced
significant production of TNF-a and IL-1f in ipsilateral side. #p<0.01,
by one-way ANOVA.

doi:10.1371/journal.pone.0097436.g009

and did not change significantly during the test. Ligation of the
spinal nerve caused a significant decrease in PWLs in rats
receiving daily NS treatments. PWLs declined much slowly after
the lesion in rats receiving daily HRS treatments, and PWLs
remain at a higher level than NS group for several days after
cessation of HRS (Figure 3 B), indicating that HRS treatment
provided a relatively long-lasting preemptive effect.

Astrocytic responses to L5 SNL in NS treated neuropathic
rats and HRS treated neuropathic rats

To examine whether HRS could alleviated oxidative stress in
the spinal dorsal horn, and reverse the activation of spinal
astrocytes, 8-OH-G and glial fibrillary acidic protein (GFAP)
immunoreactivities were assessed in the lumbar spinal cord of
sham rats, .5 SNL rats treated with HRS and L5 SNL rats treated
with NS. To identify whether 8-OH-G was produced in astrocytes,
we performed double immunofluorescence staining of 8-OH-G
with GFAP. Rats were sacrificed 1 hr after HRS or NS treatment,
on the 12th day after L5 SNL or sham operation. In the L4-L5
lumbar dorsal horns of rats in the sham group, low-level 8-OH-G
immunostaining was observed. In the neuropathic rats treated
with NS, levels of 8-OH-G on the ipsilateral side of spinal dorsal
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horns were markedly higher, and HRS treated neuropathic rats
showed lower production of 8-OH-G in the lumbar dorsal horn
compared with NS treated neuropathic rats, as shown in Figure 4
and Figure 5 B1, B2.

In the sham group, the immunostaining of GFAP was low, and
the stained astrocytes had extensive processes and were well
spaced showing no obvious signs of astrocytic activation. In the
neuropathic rats treated with NS, spinal astrocytes on the
ipsilateral side were intensely stained and appeared to have an
altered shape with long protrusions showing an activated state. In
the neuropathic rat treated with HRS, the immunostaining of
GFAP was lower, and showed less astrocytic activation, as
compared with the neuropathic rats treated with NS (Figure 4
and Figure 5 B3).

Double immunofluorescence staining revealed that spinal
astrocytes of sham rats produced a small amount of 8-OH-G. In
the spinal cord of neuropathic rats treated with NS, an increased
number of astrocytes showed colocalization of 8-OH-G and GFAP
on the ipsilateral side. HRS administration lowered the number of
astrocytes showing colocalization of 8-OH-G and GFAP (Figure 4
and Figure 5 Bj).

Microglial responses to L5 SNL in NS treated neuropathic
rats and HRS treated neuropathic rats

The ionized calcium-binding adapter molecule 1 (Iba-1) level in
the spinal dorsal horn of sham rats, L5 SNL rats treated with HRS
and L5 SNL rats treated with NS were examined to determine
whether HRS could alleviate the activation of spinal microglia.
Double immunofluorescence staining of 8-OH-G with Iba-1 was
also performed to identify whether 8-OH-G was produced in
microglia. Rats were sacrificed 1 hr after HRS or NS treatment,
on the 12th day after L5 SNL or sham operation. In the sham rats,
the Iba-1 immunostaining was low, and microglia stained with
Iba-1 showed features of an inactivated state. They had extensive
and thinly branched processes and were well spaced. In
neuropathic rats treated with NS, microglia on the ipsilateral side
were heavily stained and exhibited short, thick processes and
enlarged cell bodies, showing characteristics of an activated state.
These phenotypic features of resting microglia and activated
microglia are consistent with previous studies [41,42]. In
neuropathic rats treated with HRS, microglia on the ipsilateral
side were activated, but showed fewer features of an activated state
than neuropathic rats treated with NS (Figure 6 and Figure 5 B4).

Double immunofluorescence staining revealed that spinal
microglia in sham rats produced a small amount of 8-OH-G
(Figure 6 and Figure 5 B6). In neuropathic rats treated with NS,
the number of microglia on the ipsilateral side of the dorsal horn
that showed colocalization of 8-OH-G and Iba-1 was significant
larger compared with sham rats. And in neuropathic rats treated
with HRS, the number of microglia showing colocalization of 8-
OH-G and Iba-1 on the ipsilateral side was larger than that of the
sham group, but less than that of the animal treated with saline
(Figure 6 and Figure 5 B6).

Rats received catheterization demonstrate normal basal
expression of 8-OH-G and normal activation of glial cells
in spinal dorsal horn

To exclude the fact that possible over-expression of 8-OH-G
and activation of glial cells are caused by catheterization, 8-OH-G,
GFAP, and Iba-1 immunoreactivities were assessed in the lumbar
spinal cord of normal rats and rats received catheterization
15 days before. In the L4-L5 lumbar dorsal horns, low-level 8-
OH-G, GFAP and Iba-1 immunostaining were observed in both
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normal rats and catheterized rats (Figure 7A). Spinal glial cells had
cell bodies that were small and elongated with long protrusions
showing no obvious signs of activation. Numbers of cells showing
immunoreactivity for 8-OH-G, GFAP and Iba-1 were comparable
in normal rats and catheterized rats (Figure 7 B1, B2 and B3).

HRS reverses the elevated tyrosine-nitrated Mn-
containing superoxide dismutase (MnSOD) expression in

spinal cord of L5 SNL rats

Rats were sacrificed 1 hr after HRS or NS treatment, on the
12th day after L5 SNL or sham operation. Nitration of tyrosine
residues in MnSOD of the lumbar dorsal horn was detected by
Western blot analysis of SDS/PAGE-fractionated tyrosine-nitrat-
ed proteins, which had been immunoprecipitated from total spinal
extracts using the monoclonal anti-nitrotyrosine. Immunodetec-
tion with monoclonal anti-MnSOD antibody demonstrated low
but detectable levels of tyrosine-nitrated MnSOD in sham rats.
Neuropathic rats treated with NS exhibited an increased level of
immunoreactive tyrosine-nitrated MnSOD, while neuropathic rats
treated with HRS exhibited a lower level of tyrosine-nitrated
MnSOD as compared with neuropathic rats treated with NS,
though it was higher than that in sham rats (Figure 8).

HRS reduces the expression of proinflammatory

cytokines in the lumbar spinal cord

To investigate whether the analgesic effect of HRS was
associated with the decrease in proinflammatory cytokines
production, protein levels of TNF-a0 and IL-1f on both sides of
the spinal cord were assessed using enzyme-linked immunosorbent
assay (ELISA). 12 days after nerve ligation, the spinal expressions
of both TNF-at and IL-1 on the ipsilateral side of rats treated with
NS were up-regulated in comparison with the sham-operated rats
(TNF-o:: p<0.01; IL-1pB: p<<0.01). While HRS reversed the over-
expressions (TNF-o: p<<0.01; IL-1B: p<<0.01)(Figure 9 A and B).
The spinal expressions of TNF-ot and IL-1B on the contralateral
side of rats treated with saline did not differ from those in the sham
group. In comparison with the contralateral side, expressions of
TNF-o and IL-1B on the ipsilateral side of the spinal cord of rats
treated with NS were found also up-regulated, while HRS
reversed the over-expressions (TNF-o: p<0.01; IL-1B: p<
0.01)(Figure 9 A and B).

Discussion

This study showed that intrathecal HRS significantly reduced
the behavior signs of allodynia and hyperalgesia in neuropathic
rats. Administration of single-dose HRS attenuated mechanical
allodynia for about 8 hrs, repeated treatment of HRS ameliorated
mechanical allodynia and thermal hyperalgesia without develop-
ing tolerance. Preemptive HRS treatment had a long-last effect on
mechanical allodynia and thermal hyperalgesia.

In the L4-5 spinal dorsal horn, L5 SNL induced increased
production of 8-OH-G, and significantly activated astrocytes and
microglia. Intrathecal HRS reduced L5 SNL-induced over-
production of 8-OH-G and attenuated activation of glial cells. 8-
OH-G production was found in astrocytes and microglia, as
indicated by immunostaining. Glial cells activated concurrently
when 8-OH-G in glial cells was over-produced, on the contrary,
glial activation was attenuated when 8-OH-G was eliminated by
HRS. The hydroxyl radical is able to add to double bonds of DNA
bases at a second-order, abstracts an H-atom from the methy
group and leads to formation of 8-OH-G. Our observation of
over-produced 8-OH-G in activated glial cells and reduced 8-OH-
G production in less activated glial cells suggests a mechanism of
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enlargement of pain signals from primary afferent neurons by
hydroxyl activated glial cells which play a key role in modulation
of pain signals.

Peroxynitrite can nitrate the 3-position of tyrosine residues on
MnSOD, indicating that tyrosine-nitrated MnSOD level is directly
related to peroxynitrite. We have shown in this study that L5 SNL
increased the production of tyrosine-nitrated MnSOD in the
lumbar dorsal horn, and intrathecal HRS significantly reduced the
over-production of tyrosine-nitrated MnSOD and attenuated
allodynia and hyperalgesia. Therefore, we conclude that perox-
ynitrite contributes to the enhanced processing of nociceptive
messages in spinal dorsal horn. Salvemini and coworkers have
demonstrated that peroxynitrite plays a key role in nitroxidative
regulation of the glutamatergic pathway during nociceptive
processing, modulation of glutamate transmission by tyrosine
residues nitration, and enhanced neuroimmune activation [43—
45]. Our study showed that intrathecal HRS significantly
attenuated L5 SNL-induced activation of spinal glial cells,
suggesting that spinal peroxynitrite might be involve in the
activation of glial cells, and leads to neuropathic pain.

It has been demonstrated that both astrocytes and microglia are
capable of releasing proinflammatory factors [46—48]. In the
present study, protein levels of TNF-o and IL-1B on both sides of
the spinal cord were assessed. 12 days after L5 SNL, expression of
TNF-o and IL-1B on the ipsilateral side were significantly up-
regulated in comparison with the sham-operated rats, while HRS
reversed their over-expression, indicating that changes in levels of
proinflammtory factors expression are correlated with the changes
in level of hydroxyl and peroxynitrite.

Chronic pain is a state where abnormalities are maintained in
both central and peripheral nervous systems [49]. In the spinal
cord, there are multiple potential sites where ROS and RNS can
exert effects contributing to neuropathic pain, include three
mechanisms implicated in central sensitization: alteration in
glutamateric neurotransmission, loss of tonic inhibitory controls
and glial-neuronal interactions [50], here we focus on glial-
neuronal interactions. Under normal conditions, microglia func-
tions as resident macrophages in the CNS. Within hours of
peripheral nerve injury, activated microglia accumulates in the
superficial dorsal horn. The activated microglial releases proin-
flammatory cytokines (such as TNF-o, IL-1B and 6), leading to
neuronal central sensitization. In the present study, we showed
that L5 SNL induced significant activation of microglia mediated
by hydroxyl and peroxynitrite and up-regulated the expression of
TNF-o0 and IL-1B on the ipsilateral side. In addition to
proinflammatory cytokines, Coull and coworkers demonstrated
that activated microglia induced by P2X4 receptors released
brain-derived neurotrophic factor (BDNF) [26]. The contribution
of astrocytes to central sensitization remains unclear. Many studies
showed that activated astrocytes played an important role in
central sensitization [51-53], and unlike microglia, astrocyte
activation is generally delayed and persists longer, up to several
months [50]. Our study showed that L5 SNL induced significant
activation of spinal astrocytes mediated by hydroxyl and
peroxynitrite.

The selective vulnerability of neural systems to ROS is a
common characteristic of age-related degenerative diseases and
some painful nerve conditions (including neuropathic pain) [8,54—
59]. Knowing pain perception is amplified when noxious stimuli
continue and oxidative stress in spinal cells is enhanced in
neuropathic conditions [7,60], we postulate that on-going afferent
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discharges in persistent pain states elevates ROS and RNS
production in the spinal cord, and lead to abnormal activation of
spinal cells. In the present study, 12 days after L5 SNL, an
increased production of ROS and RNS was detected in the spinal
dorsal horn, and significant activation of astrocytes and microglia
was observed. In the spinal cord of rats treated with HRS, levels of
ROS and RNS were lower, and fewer activated glial cells were
detected, and the behavior signs of allodynia and hyperalgesia
were reduced. Allan and coworkers stated that under persistent
pain state, the processes of central sensitization medicated by
activated of N-Methyl-D-aspartate (NMDA) receptor are compa-
rable to that implicated in the plastic changes associated with
hippocampal long-term potentiation (LTP), a cellular correlate for
learning and memory. Jin Mo Chung have demonstrated that
ROS were involved in LTP in spinal dorsal horn [61]. In our
opinion, ROS and RNS may be key molecules involved in the
spinal LTP in neuropathic rats.

Although antioxidants are known to be potentially effective for
treatment of neuropathic pain, concerns about their adverse
effects, half-life, and tolerance remain. PBN is a potent ROS
scavenger, Kim and coworkers showed that PBN ameliorated the
behavioral signs of mechanical allodynia in rat model [7].
However, although this compound proved to be a neuroprotective
agent, it induced hypothermia and toxicity [62]. Hydrogen gas
cannot be produced by the human body since mammalian cells
lack the hydrogenase activity [63]. However, it is continuously
produced by colonic bacteria in the body and normally circulates
in the blood [64]. Studies showed that inhalation of hydrogen gas
did not influence physiological parameters such as body temper-
ature, blood pressure, pH, and PO2 in the blood [65]. The half-life
of HRS injected intrathecally has not been established yet the
analgesic effect persisted for about 8 hrs. Fortunately, no tolerance
developed when animals were treated with HRS repeatedly. So,
HRS has the following advantages: easy to use, no side effects and
no tolerance develops when given continuously, indicating that
therapeutic use of HRS may be promising. HRS infusion and Hy
mnhalation are most commonly used in clinic hydrogen treatment.
Hydrogen administration may not be therapeutic unless enough
concentration stays in the spinal cord, so the effective doses needed
should be determined before clinical use.

Conclusions

Intrathecal injection of HRS produced analgesic effect in the rat
model of neuropathic pain. Preemptive treatments with HRS
delayed the development of pain behavior, and no tolerance
developed when HRS was given repeatedly. The side effect of
HRS seems tenuous as HRS selectively reduces hydroxyl and
peroxynitrite. HRS reduced the intracellular levels of hydroxyl
and peroxynitrite in the spinal cord, blocked the activation of
spinal glial cells, and reduced the expression of proinflammatory
factors in the spinal cord. We conclude that abnormal elevation of
ROS and RNS plays a key role in central sensitization under
neuropathic conditions. HRS has a potentially promising prospect
for clinical treatment of neuropathic pain.

Author Contributions

Conceived and designed the experiments: WY. Performed the experi-
ments: YG FW ZX LY SH ZL YS. Analyzed the data: FW XS.
Contributed reagents/materials/analysis tools: XS. Wrote the paper: YG.

May 2014 | Volume 9 | Issue 5 | e97436



References

1.

21.

22.

24.

26.

27.

28.

29.

Salvemini D, Little JW, Doyle T, Neumann WL (2011) Roles of reactive oxygen
and nitrogen species in pain. Free Radic Biol Med 51: 951-966.

. Hackel D, Pflucke D, Neumann A, Viebahn J, Mousa S, et al. (2013) The

connection of monocytes and reactive oxygen species in pain. PLoS One 8:
€63564.

. Kim HK, Kim JH, Gao X, Zhou JL, Lee I, et al. (2006) Analgesic effect of

vitamin E is mediated by reducing central sensitization in neuropathic pain. Pain

122: 53-62.

. Tal M (1996) A novel antioxidant alleviates heat hyperalgesia in rats with an

experimental painful peripheral neuropathy. Neuroreport 7: 1382-1384.

. Lu R, Kallenborn-Gerhardt W, Geisslinger G, Schmidtko A (2011) Additive

antinociceptive effects of a combination of vitamin C and vitamin E after
peripheral nerve injury. PLoS One 6: ¢29240.

. Fidanboylu M, Griffiths LA, Flatters SJ (2011) Global inhibition of reactive

oxygen species (ROS) inhibits paclitaxel-induced painful peripheral neuropathy.
PLo0S One 6: €25212.

. Kim HK, Park SK, Zhou JL, Taglialatela G, Chung K, et al. (2004) Reactive

oxygen species (ROS) play an important role in a rat model of neuropathic pain.
Pain 111: 116-124.

. Coyle JT, Puttfarcken P (1993) Oxidative stress, glutamate, and neurodegen-

erative disorders. Science 262: 689-695.

. Hald A, Lotharius J (2005) Oxidative stress and inflammation in Parkinson’s

disease: is there a causal link? Exp Neurol 193: 279-290.

. Manczak M, Jung Y, Park BS, Partovi D, Reddy PH (2005) Time-course of

mitochondrial gene expressions in mice brains: implications for mitochondrial
dysfunction, oxidative damage, and cytochrome ¢ in aging. J Neurochem 92:
494-504.

Salvemini D, Neumann W (2010) Targeting peroxynitrite driven nitroxidative
stress with synzymes: A novel therapeutic approach in chronic pain
management. Life Sci 86: 604-614.

. Ohsawa I, IIshikawa M, Takahashi K, Watanabe M, Nishimaki K, et al. (2007)

Hydrogen acts as a therapeutic antioxidant by selectively reducing cytotoxic
oxygen radicals. Nat Med 13: 688-694.

. JiRR, Berta T, Nedergaard M (2013) Glia and pain: Is chronic pain a gliopathy?

Pain.

. Watkins LR, Martin D, Ulrich P, Tracey KJ, Maier SF (1997) Evidence for the

involvement of spinal cord glia in subcutaneous formalin induced hyperalgesia in
the rat. Pain 71: 225-235.

. Ren K, Dubner R (2010) Interactions between the immune and nervous systems

in pain. Nat Med 16: 1267-1276.

. Okada-Ogawa A, Suzuki I, Sessle BJ, Chiang CY, Salter MW, et al. (2009)

Astroglia in medullary dorsal horn (trigeminal spinal subnucleus caudalis) are
involved in trigeminal neuropathic pain mechanisms. J Neurosci 29: 11161—
11171.

. Ji RR, Kawasaki Y, Zhuang ZY, Wen YR, Decosterd I (2006) Possible role of

spinal astrocytes in maintaining chronic pain sensitization: review of current
evidence with focus on bFGF/JNK pathway. Neuron Glia Biol 2: 259-269.

. Gao YJ, Ji RR (2010) Targeting astrocyte signaling for chronic pain.

Neurotherapeutics 7: 482-493.

. Chiang CY, Sessle BJ, Dostrovsky JO (2012) Role of astrocytes in pain.

Neurochem Res 37: 2419-2431.

. Nakamura Y, Morioka N, Abe H, Zhang FF, Hisaoka-Nakashima K, et al.

(2013) Neuropathic pain in rats with a partial sciatic nerve ligation is alleviated
by intravenous injection of monoclonal antibody to high mobility group box-1.
PLoS One 8: ¢73640.

Ransohoff RM, Perry VH (2009) Microglial physiology: unique stimuli,
specialized responses. Annu Rev Immunol 27: 119-145.

Lawson L], Perry VH, Dri P, Gordon S (1990) Heterogeneity in the distribution
and morphology of microglia in the normal adult mouse brain. Neuroscience 39:
151-170.

. Zhang F, Vadakkan KI, Kim SS, Wu LJ, Shang Y, et al. (2008) Selective

activation of microglia in spinal cord but not higher cortical regions following
nerve injury in adult mouse. Mol Pain 4: 15.

Tsuda M, Shigemoto-Mogami Y, Koizumi S, Mizokoshi A, Kohsaka S, et al.
(2003) P2X4 receptors induced in spinal microglia gate tactile allodynia after
nerve injury. Nature 424: 778-783.

. JiRR, Suter MR (2007) p38 MAPK, microglial signaling, and neuropathic pain.

Mol Pain 3: 33.

Coull JA, Beggs S, Boudreau D, Boivin D, Tsuda M, et al. (2005) BDNF from
microglia causes the shift in neuronal anion gradient underlying neuropathic
pain. Nature 438: 1017-1021.

Zhang J, Wu D, Xie C, Wang H, Wang W, et al. (2013) Tramadol and
propentofylline coadministration exerted synergistic effects on rat spinal nerve
ligation-induced neuropathic pain. PLoS One 8: €72943.

Kim D, You B, Jo EK, Han SK, Simon MI, et al. (2010) NADPH oxidase 2-
derived reactive oxygen species in spinal cord microglia contribute to peripheral
nerve injury-induced neuropathic pain. Proc Natl Acad Sci U S A 107: 14851~
14856.

Yang CM, Hsieh HL, Lin CC, Shih RH, Chi PL, et al. (2013) Multiple factors
from bradykinin-challenged astrocytes contribute to the neuronal apoptosis:

PLOS ONE | www.plosone.org

30.

31.

32.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

56.

57.

58.

Hydrogen-Rich Normal Saline Attenuates Neuropathic Pain

involvement of astroglial ROS, MMP-9, and HO-1/CO system. Mol Neurobiol
47: 1020-1033.

Kim JA, Yun HM, Jin P, Lee HP, Han JY, et al. (2013) Inhibitory effect of a 2,4-
bis(4-hydroxyphenyl) but-2-enal diacetate on neuro-inflammatory reactions via
inhibition of STAT1 and STAT3 activation in cultured astrocytes and microglial
BV-2 cells. Neuropharmacology.

Astiz M, Acaz-Fonseca E, Garcia-Segura LM (2013) Sex Differences and Effects
of Estrogenic Compounds on the Expression of Inflammatory Molecules by
Astrocytes Exposed to the Insecticide Dimethoate. Neurotox Res.

Wei H, Gong N, Huang JL,, Fan H, Ma AN, et al. (2013) Spinal D-amino acid
oxidase contributes to mechanical pain hypersensitivity induced by sleep
deprivation in the rat. Pharmacol Biochem Behav 111C: 30-36.

. Kim SH, Chung JM (1992) An experimental model for peripheral neuropathy

produced by segmental spinal nerve ligation in the rat. Pain 50: 355-363.

. Yaksh TL, Rudy TA (1976) Chronic catheterization of the spinal subarachnoid

space. Physiol Behav 17: 1031-1036.

. Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL (1994) Quantitative

assessment of tactile allodynia in the rat paw. J Neurosci Methods 53: 55-63.
Dixon WJ (1980) Efficient analysis of experimental observations. Annu Rev
Pharmacol Toxicol 20: 441-462.

Hargreaves K, Dubner R, Brown F, Flores C, Joris J (1988) A new and sensitive
method for measuring thermal nociception in cutaneous hyperalgesia. Pain 32:
77-88.

Zhang Y, Sun Q, He B, Xiao J, Wang Z, et al. (2011) Anti-inflammatory effect
of hydrogen-rich saline in a rat model of regional myocardial ischemia and
reperfusion. Int J Cardiol 148: 91-95.

Sun Q, Cai ], Liu S, Liu Y, Xu W, et al. (2011) Hydrogen-rich saline provides
protection against hyperoxic lung injury. J Surg Res 165: ¢43-49.

Chen H, Sun YP, Li Y, Liu WW, Xiang HG, et al. (2010) Hydrogen-rich saline
ameliorates the severity of l-arginine-induced acute pancreatitis in rats. Biochem
Biophys Res Commun 393: 308-313.

Swartjes M, van Velzen M, Niesters M, Aarts L, Brines M, et al. (2014) ARA
290, a peptide derived from the tertiary structure of erythropoietin, produces
long-term relief of neuropathic pain coupled with suppression of the spinal
microglia response. Mol Pain 10: 13.

Huang ZX, Lu ZJ, Ma WQ, Wu FX, Zhang YQ), et al. (2014) Involvement of
RVM-expressed P2X7 receptor in bone cancer pain: Mechanism of descending
facilitation. Pain.

Little JW, Cuzzocrea S, Bryant L, Esposito E, Doyle T, et al. (2013) Spinal
mitochondrial-derived peroxynitrite enhances neuroimmune activation during
morphine hyperalgesia and antinociceptive tolerance. Pain 154: 978-986.
Chen Z, Muscoli C, Doyle T, Bryant L, Cuzzocrea S, et al. (2010) NMDA-
receptor activation and nitroxidative regulation of the glutamatergic pathway
during nociceptive processing. Pain 149: 100-106.

Muscoli C, Dagostino C, Ilari S, Lauro F, Gliozzi M, et al. (2013)
Posttranslational nitration of tyrosine residues modulates glutamate transmission
and contributes to N-methyl-D-aspartate-mediated thermal hyperalgesia.
Mediators Inflamm 2013: 950947.

Hald A (2009) Spinal astrogliosis in pain models: cause and effects. Cell Mol
Neurobiol 29: 609-619.

Hanisch U-K (2002) Microglia as a source and target of cytokines. Glia 40: 140
155.

Abdelmoaty S, Wigerblad G, Bas DB, Codeluppi S, Fernandez-Zafra T, et al.
(2013) Spinal actions of lipoxin A4 and 17(R)-resolvin D1 attenuate
inflammation-induced mechanical hypersensitivity and spinal TNF release.
PLoS One 8: ¢75543.

Woolf CJ, Salter MW (2000) Neuronal plasticity: increasing the gain in pain.
Science 288: 1765-1769.

Basbaum Al, Bautista DM, Scherrer G, Julius D (2009) Cellular and molecular
mechanisms of pain. Cell 139: 267-284.

Liu X, Tian Y, Lu N, Gin T, Cheng CH, et al. (2013) Stat3 inhibition attenuates
mechanical allodynia through transcriptional regulation of chemokine expres-
sion in spinal astrocytes. PLoS One 8: ¢75804.

Lee JY, Choi DC, Oh TH, Yune TY (2013) Analgesic effect of acupuncture is
mediated via inhibition of JNK activation in astrocytes after spinal cord injury.

PLoS One 8: ¢73948.

. Ji XT, Qian NS, Zhang T, Li JM, Li XK, et al. (2013) Spinal astrocytic

activation contributes to mechanical allodynia in a rat chemotherapy-induced
neuropathic pain model. PLoS One 8: ¢60733.

. Balazs L, Leon M (1994) Evidence of an oxidative challenge in the Alzheimer’s

brain. Neurochem Res 19: 1131-1137.

Gotz ME, Kunig G, Riederer P, Youdim MB (1994) Oxidative stress: free
radical production in neural degeneration. Pharmacol Ther 63: 37-122.
Gerlach M, Ben-Shachar D, Riederer P, Youdim MB (1994) Altered brain
metabolism of iron as a cause of neurodegenerative diseases? J Neurochem 63:
793-807.

Jenner P (1994) Oxidative damage in neurodegenerative disease. Lancet 344:
796-798.

Lewen A, Matz P, Chan PH (2000) Free radical pathways in CNS injury.
J Neurotrauma 17: 871-890.

May 2014 | Volume 9 | Issue 5 | e97436



59.

60.

61.

Olanow CW (1992) An introduction to the free radical hypothesis in Parkinson’s
disease. Ann Neurol 32 Suppl: S2-9.

Khalil Z, Liu T, Helme RD (1999) Free radicals contribute to the reduction in
peripheral vascular responses and the maintenance of thermal hyperalgesia in
rats with chronic constriction injury. Pain 79: 31-37.

Lee KY, Chung K, Chung JM (2010) Involvement of reactive oxygen species in
long-term potentiation in the spinal cord dorsal horn. J] Neurophysiol 103: 382
391.

PLOS ONE | www.plosone.org

12

62.

63.

64.

Hydrogen-Rich Normal Saline Attenuates Neuropathic Pain

Dhainaut A, Tizot A, Raimbaud E, Lockhart B, Lestage P, et al. (2000)
Synthesis, structure, and neuroprotective properties of novel imidazolyl nitrones.
J Med Chem 43: 2165-2175.

Adams MW, Mortenson LE, Chen JS (1980) Hydrogenase. Biochim Biophys
Acta 594: 105-176.

Reth M (2002) Hydrogen peroxide as second messenger in lymphocyte
activation. Nat Immunol 3: 1129-1134.

65. Hayashida K, Sano M, Ohsawa I, Shinmura K, Tamaki K, et al. (2008)

Inhalation of hydrogen gas reduces infarct size in the rat model of myocardial
ischemia-reperfusion injury. Biochem Biophys Res Commun 373: 30-35.

May 2014 | Volume 9 | Issue 5 | e97436



