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Abstract
BACKGROUND: Hyperbaric oxygen (HBO) therapy is increasingly used in
adjuvant therapies to treat neupropathic pain (NPP). However, the specific targets of
HBO treatment in NPP remains unclear. Recently we found that HBO therapy
produces an antinociceptive response via the kindlin-1/wnt-10a signaling pathway in a
chronic pain injury model in rats.
METHODS: The rats received an intraperitoneal injection of AAV-FERMT1 or an
AAV control vector 20 days before the chronic constriction injury (CCI) operation.
During five consecutive days of HBO treatment, mechanical withdrawal threshold
(MWT) and thermal withdrawal latency (TWL) tests were performed. Then, kindlin-1
expression was examined by Real-time PCR and Western blot analysis. Meanwhile,
the activation of glial cells and the production of TNF-α, IL-1β, and fractalkine were
also determined.
RESULTS: Our findings demonstrated that HBO therapy inhibited the CCI-induced
increase in kindlin-1 expression. Furthermore, over-expression of kindlin-1 reversed
the antinociceptive effects of HBO therapy. The observed HBO-induced reductions in
glial cell activation and neuroinflammation, as indicated by the production of TNF-α,
IL-1β, and fractalkine, were also prominently diminished in the group with kindlin-1
over-expression.
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CONCLUSIONS: Our findings demonstrate that kindlin-1 is a key protein in the
action of HBO therapy in the treatment of NPP. Indeed, interference with kindlin-1
may be a drug target for reducing the neuroinflammatory responses of the glial
population in NPP.
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Introduction
Neuropathic pain (NPP), characterized by allodynia, hyperalgesia, spontaneous pain,
and paraesthesia1, is one of the most intense types of chronic pain. Several systemic
retrospective studies have shown that patients with neuropathic pain report a lower
quality of life than those with other chronic diseases such as cancer, diabetes, chronic
heart failure, and stroke2, 3. Neuropathic pain is often difficult to control because of its
complex etiology, including infectious agents, metabolic disease, neurodegenerative
disease, and physical trauma4-6. Considering that present drug therapies are
insufficient to meet the clinical demand of patients7, 8, the development of new
treatment options for this disease is likely to emerge from an in-depth understanding
of its underlying etiological mechanisms.
Nonpharmacological approaches in the treatment of neuropathic pain have been
shown to significantly alleviate neuropathic pain9-11. These approaches, such as
transcutaneous electrical nerve stimulation, transcranial magnetic stimulation,
acupuncture, ultrasound, regular exercise, and hyperbaric oxygen (HBO), are
increasingly used as adjuvant therapies to treat pathological pain12, 13 . In rats with
chronic constriction injury (CCI), we found that HBO treatment produced a longlasting antinociceptive effect14. Furthermore, different HBO treatment programs
employed different mechanisms to inhibit nociception at different stages following
CCI: early HBO treatment was associated with the inhibition of P2X4R expression,
while late HBO treatment resulted in the inhibition of cell apoptosis15. A related study
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also indicated that HBO therapy alleviated CCI-induced neuropathic pain and
inhibited the production of tumor necrosis factor-α16. However, the specific target of
HBO therapy for the treatment of neuropathic pain remains unclear.
Recently we reported, for the first time, that HBO treatment attenuated CCI-induced
neuropathic pain via regulating the kindlin-1/Wnt-10a signaling pathway17. However,
whether or not HBO therapy improves neuropathic pain via a mechanism which is
dependent on kindlin-1 has not been definitively established. In the study reported
herein, we sought to determine if over-expression of kindlin-1 influences the
neurologic outcome and inflammation after HBO treatment in CCI-induced
neuropathic pain.
Materials and methods
Animals

This study was conducted in strict accordance with the recommendations outlined in
the Chinese Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health, and under approved protocols of the Institutional Animal Ethics
Committee of the Guangzhou Medical University (2016-016). The protocol was
approved by the Institutional Animal Ethics Committee of Guangzhou Medical
University. All surgery was performed under sodium pentobarbital anesthesia and all
efforts were made to minimize animal suffering. Forty-eight adult male SpragueDawley rats (8 – 10 weeks old, weighing 250 – 280 g) were used in this study. The
animals were housed individually in plastic boxes under ambient temperature
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conditions of 23 – 25 ºC with standard chow and water available ad libitum. These
rats were randomly assigned to six groups (n = 8 for each group): the Sham group,
CCI group, HBO (HBO treatment began one day postoperatively and was applied
daily for five days after CCI) group, K1 group (intraperitoneal injection of AAV-9
vector 20 days prior to the sham operation), K2 group (intraperitoneal injection of
AAV-9 vector 20 days prior to CCI), and the K3 group (intraperitoneal injection of
AAV-9 vector 20 days prior to the CCI operation followed by HBO treatment
beginning one day postoperatively and with application daily for five days after CCI ).

Induction of neuropathic pain

The CCI model of the sciatic nerve was used to create neuropathic pain as described
previously18. Briefly, rats were anesthetized by intraperitoneal injection of sodium
pentobarbital (40 mg/kg). The left biceps femoris of each rat was bluntly dissected at
the mid-thigh level to expose the sciatic nerve. Four 4-0 chromic catgut sutures were
loosely tied around the sciatic nerve at 1 mm intervals immediately proximal to the
trifurcation. The wound was then sutured in layers. For the sham group, an identical
dissection was performed, but the sciatic nerve was not ligated.

Hyperbaric oxygen treatment

The cylindrical HBO treatment chamber (DS400-IV, Weifang Huaxin Oxygen
Industry Co., Ltd., Shandong, China) was pre-coated with soda lime on the bottom to
minimize water vapor and CO2 accumulation. The chamber was ventilated with 100%
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oxygen for 10 min as described previously19. After a rat was placed in the chamber,
the pressure was increased at a rate of 0.1 ATA/min to the desired pressure (2.0 ATA)
and maintained for 60 min. The rats were allowed to breathe spontaneously during the
HBO treatment. The chamber was then decompressed to normal room pressure at a
rate of 0.1 ATA/min. For rats in the HBO and K3 groups, HBO treatment began on
postoperative day one and was carried out once a day for five consecutive days. Rats
in the sham and CCI groups were placed inside the chamber without HBO treatment.

AAV vector construction and production.

The plasmids used in this study are shown in Fig. 1. To construct kindlin-1 (encoded
by the FERMT1 gene) expression vector, the rat FERMT1 coding sequence
(NM_001106515) was amplified with primers: FERMT1f, 5’CGCAAATGGGCGGTAGGCGTG-3’, and FERMT1r, 5’CATAGCGTAAAAGGAGCAACA-3’, and linked to the 3’ end of the CMV
promoter from the pAAV-CMV-MCS vector with interchanging recombination. The
construct was confirmed via PCR and sequencing. The Adeno-associated virus
(AAV) vectors were produced using a three-plasmid expression system. Briefly,
human 293T cells were transfected with an AAV vector (expressing the FERMT1), an
AAV helper plasmid (pAAV Helper), and an AAV Rep/Cap expression plasmid.
Then, 72 h after transfection, the cells were collected and lysed using a freeze-thaw
procedure. Viral particles were purified by an iodixanol step-gradient

Molecular Pain
MPX Express
Accepted on 2 August, 2017
This article can be cited as 10.1177/1744806917730254

ultracentrifugation method. The iodixanol was diluted, and the AAV was concentrated
using a 100 kDa molecular mass cut-off ultrafiltration device 20. The genomic titer
was 1.89 × 1013 infectious unit per mL, determined by quantitative PCR. Systemic
AAV9 gene transfer by intraperitoneal injection showed their distribution in the spinal
cord and the dorsal root ganglia.

Behavioral tests

Mechanical withdrawal threshold (MWT) and thermal withdrawal latency (TWL)
tests were performed on preoperative day 1 and postoperative days 1, 2, 3, 4, 5, 6, and
7. Each animal was placed in a Plexiglas chamber and habituated for 1 h prior to each
test session before and after HBO treatment.

The MWT test was carried out to assess the response of the paw to a mechanical
stimulus. The rats were placed in a Plexiglas chamber, and the MWT test was
performed by stimulating the plantar surface of the left hind paw using von Frey
filaments (Stoelting Company, USA). Each von Frey filament was held for
approximately 3 – 5 seconds. Each trial started with the application of a 0.6 – 15.0 g
von Frey force following the up-and-down procedure. A positive response was
defined as a quick withdrawal of the hind paw upon stimulation. The cut-off value
was 15 g. The paw threshold test was performed ten times, and the paw withdrawal
threshold was defined as the von Frey force that caused 50% withdrawal.

To examine TWL, a BME-410C full-automatic plantar analgesia tester (Youer
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Equipment Scientific Co., Ltd., Shanghai, China) was used to measure the sensitivity
of the paw to thermal stimuli. The thermal withdrawal latency test was performed by
placing the rats on the surface of a 3 mm thick glass plate that was covered with the
same Plexiglas chamber. The radiant heat source was positioned at a fixed distance
below the glass plate. Heat stimuli were directed at the exposure site on the left hind
paw. The TWL was defined as the elapsed time (in seconds) to withdraw the paw
from the heat source. Each test session included the delivery of five thermal stimuli at
5 min intervals and the mean latency is reported. A cut-off time of 30 seconds was set
to avoid tissue damage.

Tissue Preparation
After completion of the behavioral tests on postoperative day 7, the rats (n = 8 per
group) were anesthetized by intraperitoneal injection of sodium pentobarbital (40
mg/kg). Four rats in each group were transcardially perfused with 200 mL of normal
saline. The spinal cord of each rat, between the L4 and L6 segments, was carefully
removed and used for immunohistochemistry. Tissues from the other four animals
were stored at -80 °C and used for Western blotting, Real-time, and enzyme-linked
immunosorbent assay (ELISA).

Western blotting

The spinal cord tissues were homogenized on ice in lysis buffer. Protein
concentrations were determined through the bicinchoninic acid assay method. The
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proteins were resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
and transferred onto polyvinylidene fluoride membranes by electroblotting. The
membranes were incubated with primary antibodies against kindlin-1 (dilution
1:1000, ABCOM, USA) at 4 C overnight. β-actin was used as a loading control. The
membranes were then incubated with alkaline phosphatase-linked mouse anti-rabbit
secondary antibodies (dilution 1:2000, Santa Cruz Biotechnology, USA) at room
temperature for 2 h. The bands were visualized using a chemiluminescence detection
system and analyzed with ScionImage software. The expression of kindlin-1 was
normalized to that of β-actin.

Real-time PCR
Total spinal cord RNA was isolated according to the manufacturer’s instructions
using a Trizol kit (Life Technologies). RNA samples were then standardized and
reverse transcribed with a Transcriptor First Strand cDNA Synthesis kit (Roche),
according to the manufacturer’s instructions using an oligo-dT/random nonamer
primer mix. Quantitative real-time PCR (qRT-PCR) was carried out using the Roche
FS Universal SYBR Green Master (Roche) system according to the manufacturer’s
instructions and a Viia7 system from Applied Biosystems. The primer sequences for
kindlin-1 were 5’- GAGGCAGGGAAAACGACTGA -3’ and 5’CAGCCTGCTAGGTCTTGCTT -3’. Thermal cycling parameters started with 10 min
at 95 °C, followed by 40 cycles of 95 °C for 15 seconds, 60 °C for 30 seconds and 72
°C for 30 seconds. Specificity of the PCR products was verified by melting curve
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analysis.

Immunohistochemistry

The tissues were post-fixed and dehydrated in 30% sucrose in PBS at 4 °C for 24
hours and frozen sections were prepared. The spinal cord tissue sections (10 μm thick)
were incubated at 4 °C overnight with a mouse anti-rat primary antibody against
GFAP (1:200 dilution, ab7260; Abcam, USA ) or a rabbit anti-rat primary antibody
against Iba1 (1:200 dilution, ab5076; Abcam, USA), followed by incubation with
biotinylated donkey anti-mouse or anti-rabbit IgG antibodies (1:200 dilution; Vector
Laboratories, Burlingame, CA) in 1.5% normal donkey serum (NDS; Jackson
Immuno Research Laboratories Inc., West Grove, PA) for 20 min at 37 °C. All
sections were cover-slipped with a mixture of 50% glycerin in 0.01 mol/L PBS and
then observed under a Leica SP2 confocal laser scanning microscope (Leica, Wetzlar,
Germany). The mean intensity of immunoreactive staining for GFAP or Iba1 was
measured with the Image J analysis system (National Institutes of Health, Bethesda,
MD, USA). For each animal, eight sections of spinal L4 – 6 were randomly selected
for quantitative evaluation. The corrected density values of the eight sections were
averaged to provide a mean density for each animal. All behavioral testing and the
quantification of immunohistochemical experiments were performed blind with
respect to treatment.

Examination of TNF-α, IL-1β, and fractalkine production

Molecular Pain
MPX Express
Accepted on 2 August, 2017
This article can be cited as 10.1177/1744806917730254

The levels of TNF-α, IL-1β, and fractalkine in the spinal cord were measured by the
ELISA (Wuhan Boster Biological Technology Co., Ltd., Wuhan, China)21. The
unilateral spinal cord was dissected, ground with a grinder, and loaded onto an
ultrasonic tissue homogenizer. The supernatant was collected after centrifugation. The
production levels of TNF-α, IL-1β, and IL-10 were evaluated using ELISA kits
according to the manufacturer’s instructions. The optical density values at 490 nm
were recorded using a microplate reader (NK3; Ladsystems, Helsinki, Finland). The
average levels of TNF-α, IL-1β, and IL-10 were calculated based on the standard
curve.

Statistical analysis
Analyses were performed using SPSS 17.0 (SPSS Inc., Chicago, IL, USA). Numerical
data with normal distribution are presented as mean and standard deviation. Data
without normal distribution are presented as median and percentiles. One way
analysis of variance (ANOVA) was used to compare differences among groups.
MWT and TWL were analyzed by one-way ANOVA followed by Scheffé and
Dunnett tests. The recovery time of the hind limb movement was analyzed by the
Kruskal-Wallis test followed by the Mann-Whitney U-test. Statistical significance
was considered as P < 0.05.

Results

Kindlin-1 expression was elevated in the spinal cords of rats with CCI-induced NPP,
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which was inhibited by HBO therapy
Firstly, we examined the effects of HBO treatment on the expression of kindlin-1 in
the rat spinal cord. As shown in Fig. 2A and 2B, the protein expression of kindlin-1
was clearly elevated in the rat spinal cords of the CCI group seven days postoperative,
and was depressed in those belonging to the HBO group after continuous five day
HBO therapy. As shown in Fig. 2C the alteration of kindlin-1 mRNA expression was
consistent with its protein levels. Thus, these results indicate that continuous HBO
therapy can effectively inhibit the CCI-induced upregulation of kindlin-1.
Over-expression of kindlin-1 can reverse the curative effects of HBO therapy in the
treatment of NPP
We then assessed if kindlin-1 had an influence on the effects of HBO-NPP therapy by
introducing kindlin-1 over-expression in the rat spinal cord. Interestingly, we found
that over-expression of kindlin-1 significantly decreased the paw withdrawal
threshold (Fig. 3A) and the thermal pain threshold (Fig. 3B) 4 to 7 days
postoperatively, indicating that over-expression of kindlin-1 can reverse the curative
effects of HBO therapy on NPP, as shown in the K3 group. Moreover, there were no
significant differences between the sham group and K1 group or between the CCI
group and K2 group, indicating that the over-expression of kindlin-1 did not affect the
basic threshold and the postoperative threshold of CCI. Thus, it can be concluded that
over-expression of kindlin-1 only affected the analgesic effect of HBO therapy.
Over-expression of kindlin-1 can block the anti-inflammatory effects of HBO therapy
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Next, we addressed the effects of kindlin-1 over-expression on the production of
TNF-α, IL-1β, and fractalkine in the spinal cord (Fig. 4). Compared with the CCI
group, the concentrations of TNF-α (A), IL-1β (B), and fractalkine (C) were
significantly lower in the rat spinal cord of the HBO group, which indicates that HBO
therapy had anti-inflammatory effects. However, with over-expression of kindlin-1 in
the spinal cord of group K3 rats subjected to the same HBO therapy, the levels of
TNF-α, IL-1β, and fractalkine increased. This indicates over-expression of kindlin-1
can block the anti-inflammatory role of HBO therapy. It is worth noting that overexpression of kindlin-1 only affected the anti-inflammatory responses to HBO
therapy, not the production of inflammatory cytokines under basal conditions and
after CCI.
Over-expression of kindlin-1 expression can block the action of HBO therapy in
inhibiting the activation of glial cells
To assess CCI-induced glia activation, we analyzed the expression levels of Iba1 (a
microglial-specific antibody marker) and GFAP (a suitable marker of astrocytes) in
rats. The results show that while HBO therapy can effectively inhibit the expression
of Iba1 (Fig. 5) and GFAP (Fig. 6) in the spinal cord of CCI rats, the over-expression
of kindlin-1 diminishes the effects of HBO therapy on inhibiting glia activation.
Moreover, a comparison of the activation of rat spinal microglial cells and astrocytes
found that over-expression of kindlin-1 had no effect on the ratio of activated
microglial cells to astrocytes in the rat spinal cord.
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Discussion
The major finding of this study is that over-expression of kindlin-1 can diminish the
antinociceptive effect of HBO therapy on neurologic outcome, inflammation, and
glial cell activation. These data represent the first definitive evidence that kindlin-1
contributes to the mechanism that underpins the actions of HBO treatment on
neuropathic pain, at least in part by initiating inflammation and glial cell activation.
Nerve injury can activate astrocytes and microglia21, which synthesize and secrete
cytokines, inflammatory mediators, and neural active substances22, 23. Excessive
accumulation of these substances sensitize these glial cells, thus contributing to the
development and sustenance of NPP24. Previous studies reported by our group
indicate that HBO treatment has obvious therapeutic effects in the treatment of NPP14,
15

. Furthermore, consecutive hyperbaric oxygen treatments could obviously inhibit the

activated microglia and astrocytes in the dorsal horn of spinal cord in rats with NPP,
as reported in the present study.
There is a considerable amount of evidence that shows that the activity of cell
adhesion molecules (CAM) is closely related to glial cell activation and cell
infiltration in an abnormal response of the central nervous system 25-28. As a small
team of members in the big CAM family, integrins are a set of transmembrane
receptors that directly connect to the extracellular matrix (ECM) and facilitate
communication between intracellular signaling pathways by regulating integrin
ligands29-31. As previously reported32, 33, excessive expression of the kindlin family,
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such as kindlin-1 and kindlin-2, will lead to excessive activation of integrins or
inflammation and tumor cell infiltration. However, blocking or competitively
inhibiting the combination of kindlin and talin proteins with integrins could
effectively block the activation of integrins34 and inflammation processes35. We
previously reported that HBO treatment attenuated CCI-induced neuropathic pain via
regulating the kindlin-1/Wnt-10a signaling pathway [17]. In the present study, we
further discovered that over-expression of kindlin-1 could diminish the protective
effect of HBO treatment. These results indicate that kindlin-1 may be a key target
protein in HBO therapy for NPP. Interestingly, we also found a difference in variation
between mechanical hypersensitivity and thermal hypersensitivity. There are two
possible reasons for this phenomenon and its occurrence. One is that, under the CCI
model, mechanical hypersensitivity is more sensitive than thermal hypersensitivity to
facilitate better discrimination. Another reason is that over-expression of kindlin-1 is
more likely to lead to the occurrence of mechanical hyperalgesia. The specific
mechanism needs to be confirmed by further experiments.
Interestingly, though excessive expression or kindlin-1 led to excessive activation of
integrins, inflammation, and tumor cell infiltration, over-expression of kindlin-1 did
not affect the pain behavior and biochemical indicators of rats. These results suggest
that the regulatory role of kindlin-1 on NPP may be secondary to nerve injury. Thus,
it can be surmised that while kindlin-1 is a key target protein in HBO therapy for
NPP, it is not key in the pathophysiological process of NPP.
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In summary, we found that hyperbaric oxygen could inhibit the activation of glial
cells and reduced the production of inflammatory cytokines via inhibiting the
expression of kindlin-1 in the treatment of neuropathic pain. This information
provides a new theoretical basis for hyperbaric oxygen treatment of neuropathic pain.
Interference with kindlin-1 may prove to be a drug target for reducing
neuroinflammatory responses of glial cells in the pathogenesis of neuropathic pain.
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Fig. 1. Diagram of plasmid structure. A refers to the profile of the blank-vector
plasmid before the insertion of the target gene (Fermt1); B refers to the profile of the
full-vector plasmid after the insertion of the target gene (Fermt1).
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Fig. 2. Effect of HBO treatment on the expression of kindlin-1 in the spinal cord in
rats in the Sham, CCI, and HBO groups 7 days postoperative. (A) Representative
western blot results showing the expression of kindlin-1 in the spinal cord of rats in
the Sham, CCI, and HBO groups. (B) The relative expression of kindlin-1 was
normalized to the expression of β-actin. (C) RT-PCR results showing the expression
of kindlin-1 in the Sham, CCI, and HBO groups *p < 0.05, ns p > 0.05 . n=4.
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Fig. 3. The effect of HBO treatment on the MWT (A) and the TWL (B) in rats in the
Sham, CCI, HBO, K1, K2, and K3 groups. MWT and TWL tests were performed on
preoperative day 1 and postoperative days 1, 2, 3, 4, 5, 6, and 7. Compared with the
Sham group, MWT and TWL were lower in the CCI, K2, and K3 groups resulting in
apparent hyperalgesia. Compared with the CCI group, MWT and TWL were elevated
in the HBO group, suggesting HBO therapy can inhibit hyperalgesia. Compared with
the HBO group, MWT and TWL were lower in the K3 group, showing that even
though the K3 group was also subjected to HBO therapy, over-expression of kindlin-1
can reverse the treatment role of HBO on NPP. *p < 0.05 vs. Sham, #p < 0.05 vs.
CCI, &p < 0.05 vs. HBO. n=8.
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Fig. 4. Changes of TNF-α, IL-1β, and fractalkine levels in the rat spinal cords of each
group 7 days postoperative. Compared with the CCI group, TNF-α, IL-1β, and
fractalkine levels were lower in the HBO group, suggesting that HBO therapy can
inhibit the inflammation of NNP in the rat spinal cord. Compared with the HBO
group, TNF-α, IL-1β, and fractalkine levels were higher in the K3 group, suggesting
that although the K3 group was subjected to the same HBO therapy, over-expression
of kindlin-1 can reverse the anti-inflammatory role of HBO therapy. *p < 0.05, ns p >
0.05. n=4.
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Fig. 5. Photomicrographs (A) and bar graph (B) showing microgila responses in the
spinal dorsal horn 7 days postoperative. Little Iba1 immunostaining was observed in
the Sham group, but the CCI group showed markedly increased Iba1 immunostaining.
Iba1-immunostaining microgila proﬁles were characterized by big, thick,
and irregular shaped cytoplasmic and spine ramified processes in the CCI group, and
significantly fewer Iba1-immunoreactive microgilas were present in the HBO group
than in the CCI group. Higher quantities of Iba1-immunoreactive microgilas were
observed in the K3 group than in the HBO group. *p < 0.05, ns p > 0.05. n=4.
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Fig. 6. Photomicrographs (A) and bar graph (B) showing astrocytic responses in the
spinal dorsal horn 7 days postoperative. Little glial fibrillary acidic protein (GFAP)
immunoreactivity was observed in the Sham group, but the CCI group showed
markedly increased GFAP immunostaining. GFAP-immunostaining astrocytic
proﬁles were characterized by small, compact cell bodies with long, thin ramified
processes 7 days after HBO treatment, and significantly fewer GFAP-immunoreactive
astrocytes were present in the HBO group than in the CCI group. Fewer GFAPimmunoreactive astrocytes were observed in the HBO group than in the K group. *p <
0.05, ns p > 0.05. n=4.

