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Abstract Carbon monoxide-releasing molecule (CORM-2)
acts as a carbon monoxide (CO) deliverer in a more controlled
manner without altering carboxyhemoglobin level and exerts
potential function in inhibiting inflammation and/or acute
nociception. However, the regulatory mechanism of CORM-
2 on spinal nerve ligation (SNL)-induced neuropathic pain is
not currently clear. Our study aims to investigate the role of
CORMS-2 in neuropathic pain and the underlying mechanism.
We found that spinal cord astrocytes were dramatically acti-
vated on day 7 after SNL. L-x-aminoadipate (L-x-AA), an
astroglial toxin, reversed SNL-induced astrocyte activation at
sub-toxic dose. Intrathecal administration of CO donor
CORMS-2 induced antiallodynic and antihyperalgesic effects
in neuropathic animals induced by SNL and suppressed SNL-
induced spontaneous excitatory postsynaptic current (EPSC)
frequency in lamina II neurons of spinal cord slices. CORM-2
administration markedly inhibited SNL-induced connexin 43
(Cx43) expression, hemichannel function, and gap junction
function on spinal astrocyte membranes. Moreover, exoge-
nous CORM-2 could attenuate HO-1 expression, while
overexpressed heme oxygenase-1 (HO-1) increased intracel-
lular CO production, attenuated Cx43 expression,
hemichannel function, and gap junction function on spinal
astrocyte membranes. Additionally, Cx43 over-expression
markedly reduced CORM-2-induced mechanical threshold
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and thermal hyperalgesia and elevated CORM-2-induced
spontaneous EPSC frequency. In conclusion, CORM-2 atten-
uated SNL-induced neuropathic pain via suppressing Cx43-
hemichannel function, which may contribute to understanding
of the pathology of neuropathic pain.
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Introduction

Pain is still an open clinical issue, and there is a lack of effective
analgesics in the world today. Pain can be categorized as phys-
iological pain and pathological pain. Physiological pain induces
body’s self-defense reaction to avoid further injuries within
short durations. While pathological pain is triggered by patho-
logical changes and dysfunctions in multiple sites of nervous
system, which is associated with injury, infection, and metabol-
ic disorders of peripheral and central nervous system (CNS),
neuropathic pain is induced by peripheral nerve and CNS inju-
ries, leading to long-lasting activation of sensory nerves
(Polusani et al. 2011). However, the underlying mechanisms
of neuropathic pain have not been fully understood up to now.

Spinal cord acts as an integrator for receiving signal inputs
from nociceptors and projecting them to the brain, playing an
important role in the modulation of pain-related signals (Leon-
Paravic et al. 2014). Accumulated evidence suggests that
nerve injury converts resting spinal cord astrocytes into an
activated state, which is required for the development and
maintenance of neuropathic pain (Wilkinson and Kemp
2011). Spinal cord astrocytes play crucial roles in the onset
of neuropathic pain, which are frequently activated after nerve
injury. Based on the critical role of astrocytes in neuropathic
pain initiation and propagation, development of new
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therapeutic approaches in regulating astrocyte activity is
promising strategies for pain management.

Carbon monoxide-releasing molecules (CORM-2), a new
class of chemical agents able to reproduce several biological
effects of carbon monoxide (CO), inhibits inflammation and/
or acute nociception (Jurga et al. 2016). CO has been recog-
nized as a neurotransmitter or neuromodulator in nervous sys-
tem (Liu etal. 2016). A compelling study has documented that
exogenous delivery of CO using CO-releasing molecules or
increasing endogenous CO production may represent a novel
stratagem in the management of neuropathic pain (Hervera
et al. 2013). Endogenous CO is synthesized by cleavage of
heme molecule, a process catalyzed by enzyme heme oxygen-
ase (HO) (Araujo et al. 2012).

Hemichannels are ion channels composed of six connexins,
which share a common plasma membrane topology: four trans-
membrane domains, two extracellular loops, one intracellular
loop, and both the C- and N-termini located on the cytoplasmic
side. These hemichannels have the peculiarity to be permeable
not only to ions, but also to molecules such as ATP and gluta-
mate. Emerging evidence showed that CO can cross the plasma
membrane and directly and indirectly modulate the function of
ion channels, which in turn have important repercussions in the
cellular behavior (Retamal 2016). Moreover, Ledn-Paravic
et al. reported that CO was a potential and novel inhibitor of
connexin hemichannels, including Cx43 and Cx46 in HeLa
and MCF-7 cells (Leon-Paravic et al. 2014). However, whether
CORM-2 could target to Cx43 to suppress neuropathic pain is
currently unknown. Astrocytic Cx43 has been implicated in
gap junction and hemichannel communication of cytosolic con-
tents through the glial syncytia and to the extracellular space,
respectively (Jurga et al. 2016). Cx43 also plays an essential
role in facilitating the development of neuropathic pain; yet, the
mechanism for this contribution remains unknown (Chen et al.
2012). In the current study, we aim to identify whether phar-
macological elevation of CO using exogenous CORM-2 will
exert an inhibitory effect on neuropathic pain involving Cx43 in
SNL animal model.

Materials and Methods

Animal Model of Spinal Nerve Ligation and Drug
Treatment

Sprague-Dawley rats (150-200 g) were provided by the exper-
imental animal center of Xi’an Jiaotong University. All rats
were housed in specific pathogen-free conditions, and all ex-
periments were performed with approval of the institutional
animal care and use committee of Xi’an Jiaotong University.
Spinal nerve ligation (SNL) surgery on the animals (n = 90)
was performed as previously described (Kim and Chung 1992;
Lau et al. 2008). In brief, after rats were anesthetized with

pentobarbital sodium (60 mg/kg, intraperitoneally) (Sigma,
St. Louis, MO, USA), the left LS spinal nerve was ligated
tightly. Penicillin was applied at surgical site, and the incision
was sutured layer by layer. After postoperative palinesthesia,
rats were transferred to a clean cage. All surgeries were per-
formed by the same person. The sham surgery operation
(n = 70) only exposed spinal nerve without ligation. The tim-
ings of the treatments performed after SNL are shown in Fig. 1.
Intrathecal catheter implantation was performed as previously
described (Zhuang et al. 2006). A PE-10 silastic tube was im-
planted into the intrathecal space around the lumbar enlarge-
ment of the rat spinal cord, ending at spinal L4-L5 level, and
after implantation of intrathecal catheter, animals were allowed
to recover for 24 h. CORM-2 (Sigma, St. Louis, MO, USA)
was dissolved in distilled water with 1% of DMSO and intra-
thecally injected into sham and SNL animals once per day for
20 days at dose of 10 pg dissolved in 10 uL of vehicle. The
scheme of intrathecal CORM-2 administration is shown in Fig.
1. In addition, L-AA (150 nM) was purchased from Sigma (St.
Louis, MO, USA) and dissolved in 10 puL of saline and injected
intrathecally by the way of a single acute administration. L-AA
was injected 7 days after SNL.

Behavioral Tests

Mechanical withdrawal threshold (MWT) and thermal with-
drawal latency (TWL) of the animals were examined 3 days
before SNL and averaged from three replicates as baseline.
Behavioral analysis was performed at 1, 3, 7, and 14 days after
SNL orat 1, 5, 10, 15, and 20 days approximately 2 h after each
CORM-2 injection, as described previously (Kawasaki et al.
2008; Makuch et al. 2013). For MWT analysis, animal was put
in a box on an elevated metal mesh floor and allowed a 30-min
habituation period before examination. The plantar surface of
each hindpaw was stimulated with a series of von Frey hairs with
logarithmically incrementing stiffness (0.02-2.56 g; Stoelting,
USA), presented perpendicular to the plantar surface (3-5 s for
each hair). Based on Dixon’s up-down method (Dixon 1980), six
von Frey tests were performed in each animal, and the 50% paw-
withdrawal threshold (PWT) was determined.

Thermal withdrawal latency was assessed using a hot sting
instrument (Beijing Zhishuduobao biological technology CO.,
LTD, Beijing, China) as described previously (Mika et al.
2007). Animal was put in a vitreous test box and allowed a
10-min habituation period before examination. Opening the
hot sting instrument, thermal radiation light irradiated the mid-
dle part of the right hind foot of rats. The light was cut and
then the automatic timer record hot-stimulated paw withdraw-
al latency (PWL) when the hind foot of the rat was lifted
because of hot stimulation. PWL was measured for three
times, with a 5 min interval for each test. The timings of
behavioral tests are shown in Fig. 1.
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Fig.1 Scheme of CORM-2 administration and behavioral assessment in
SNL rats. SNL and sham-operated rats model were used to evaluate
effects of CORM administration on neuropathic pain. Behavioral tests
and molecular examinations were performed 3 days before SNL as

Analysis of Astrocyte Activation

Ipsilateral dorsal lumbar (L4-L6) spinal cords were collected
and ground to form single-cell suspension. Cells were plated
onto a 100-mm Petri dish and incubated at 37 °C in a 5% CO,
humidified atmosphere for 2 h. Cells were washed and then
stained using anti-glial fibrillary acid protein (GFAP) antibody
(Abcam, Cambridge, UK). Cells were washed and analyzed
by a FACSCalibur with CELLQuest software version 3.1
(Becton Dickinson).

Primary Astrocyte Cultures

Primary cultures of astrocytes were prepared as described previ-
ously (Gao et al. 2009). In brief, astrocyte cultures were prepared
from the spinal cords of rats undergoing sham or SNL surgery at
7 days and cultured in a 75-cm” flask at a density of 2.5 x 10°
cells/em?® in low-glucose Dulbecco’s modified Eagle medium
(DMEM) containing 10% fetal bovine serum. The medium
was replaced twice a week. For drug administration, isolated
astrocytes were treated with 50, 100, or 200 uM CORM-2 dis-
solved in distilled water with 1% of DMSO for 1 h (Garcia-
Amandis et al. 2011). In addition, freshly prepared HO-1 induc-
tor cobalt protoporphyrin IX (CoPP) (5 uM) and HO-1 inhibitor
zinc protoporphyrin IX (ZnPP) (5§ uM) were dissolved in DMSO
(1% solution in saline) and administrated to the astrocyte cultures
approximately 4 h before evaluations of Cx43 expression and
activity as well as CO production. Isolated astrocytes from sham
group were treated with the same volume of DMSO to be used as
vehicles.

The HO Vector and siRNA Transfection

The pcDNA3.1(+)/HO-1 expression vector was constructed
by cloning HO-1 fragment from normal rat cDNA into
pcDNA3.1(+) (Invitrogen, Carlsbad, CA, USA) between
BamH I and EcoR T sites to express HO-1 in abundance in
E. coli DH5« cells. The primers for HO-1 were as follows:
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baseline (BL), and 1, 3, 7, and 14 days after SNL. CORM-2 was intra-
thecally injected (10 pg/10 uL) into SNL or sham rats 7 days post-sur-
geries. The injection was repeated once per day and lasted for 1-20 days.
Behavioral tests were performed 2 h after each CORM injection

forward primer: 5-GGA GGA TCC GGC TGT GAA CTC
TGT CTC-3', and reverse primer: 5'-ctc GAATTC GGC ATC
TCC TTC CAT TCC-3'. The recombinant plasmid was iden-
tified by endonuclease digestion and DNA sequencing.
Thereafter, the pcDNA3.1(+)/HO-1 vector was transfected in-
to the sham and SNL-induced astrocytes mediated by
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) manu-
ally. The stably transfected clones were screened by G418 and
identified by Western blot. Preparation and transfection of the
pcDNA3.1(+)/Cx43 expression vector were similar to the
above-mentioned methods.

HO-1 siRNA and control siRNA were transfected into cells
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
manually. The siRNA primer sequences were designed by
Invitrogen Block-iT RNAi Designer. HO-1 siRNA 445: 5'-
CCA CAC AGC ACU ACG UAA AdTdT-3' (F), 5'-UUU
ACG UAG UGC UGU GUG GdTdT-3" (R). HO-1
siRNA 740: 5'-GCU CAA CAU UGA GCU GUU UdTdT-3'
(F), 5'-AAA CAG CUC AAU GUU GAG CdTdT-3' (R). HO-1
siRNA 837: 5'-GCU AGC CUG GUU CAA GAU AdTdT-3'
(F), 5-UAU CUU GAA CCA GGC UAG CdTdT-3' (R).

Determination of Intracellular CO

A hemoglobin (Hb)-based assay was used to detect intracellular
CO release, as described previously (Leon-Paravic et al. 2014).
In brief, Hb (1 mg) was dissolved in 1 mL of ethanol solution,
and then, Hb solution was supplemented with 0.1% sodium
dithionite to deoxygenate them, to allow CO binding to Hb to
form carboxyhemoglobin. The content of carboxyhemoglobin
was assessed from the changes in absorbance at 540 nm.

Gap Junction and Hemichannel Function Determination

Gap junction function of Cx43 in astrocytes was examined
based on the previously described (Polusani et al. 2011). In
brief, lucifer yellow (5% in 1 M lithium chloride, Sigma) was
microinjected to isolated astrocytes via a glass pipette
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(diameter of 2—4 pum). Diffusion of the dye to the neighboring
astrocytes was observed for 10 min. Astrocytes were stimu-
lated with CORM-2 for 1 h before the dye delivery. The im-
ages of labeled astrocytes were captured with a CCD Spot
camera, and the number of labeled astrocytes was quantified
with the NIH ImageJ software.

As hemichannels are permeable to the dye ethidium bro-
mide, we use ethidium bromide uptake to indicate the function
of hemichannels. Astrocytes were stimulated with CORM-2
for 1 h and exposed to 0.5 mM ethidium bromide (Sigma) for
10 min at 37 °C. Then, cells were washed with Hank’s bal-
anced salt solution (HBSS) and supplemented with 1.2 mM
CaCl, (HBSS-Ca*", Gibco). Astrocytes were examined with a
Nikon fluorescence microscope, and images were captured
with a CCD Spot camera. The positive staining of ethidium
bromide was analyzed with NIH ImageJ software.

Patch-Clamp Techniques

The whole cell patch-clamp recordings were made from lam-
ina Ilo neurons which receive C-fiber nociceptive input and
also make synapses with lamina I projection neurons (Park
et al. 2011; Todd 2010) in the voltage-clamp mode
(Kawasaki et al. 2008; Park et al. 2011). Briefly, under a dis-
secting microscope with transmitted illumination, the
substantia gelatinosa (lamina II) is clearly visible as a relative-
ly translucent band across the dorsal horn. Patch pipettes were
fabricated from thin-walled, borosilicate, glass-capillary tub-
ing (1.5-mm outer diameter; World Precision Instruments).
After establishing the whole cell configuration, neurons were
held at their holding potentials at 70 mV to record spontane-
ous excitatory postsynaptic currents (EPSCs). The resistance
of a typical patch pipette was 5-10 M. The internal solution
contained the following (in mM): 135 potassium gluconate, 5
KCl, 0.5 CaCl,, 2 MgCl,, 5 EGTA, 5 HEPES, and 5 ATP-Mg.
Membrane currents were amplified with an Axopatch 200 A
amplifier (Molecular Devices) in voltage-clamp mode.
Signals were filtered at 2 kHz and digitized at 5 kHz. Data
were stored with a personal computer using pClamp 6 soft-
ware and analyzed with Mini Analysis (Synaptosoft). Those
cells that showed 45% changes from the baseline levels were
regarded as responsive (Kawasaki et al. 2008).

Western Blot

Total protein was extracted using the Tissue or Cell Total
Protein Extraction Kit (Amresco, USA) from spinal cord or
astrocytes. All primary antibodies were purchased from
Abcam (Cambridge, UK). The proteins were separated by
SDS-PAGE followed by electrotransfer to NC membrane;
the membranes were probed using antibodies against GFAP
(1:5000) (ab4674), HO-1 (1:200) (ab13248), and Cx43
(1:5000) (ab170190) followed by a horseradish peroxidase

(HRP)-conjugated secondary antibody (1:2000) (ab6734).
Bands were revealed with ECL reagent (Millipore, Boston,
MA, USA) and recorded on X-ray films (Kodak, China).
Densitometry of each band was quantified by Gel imaging
system and Quantity One 4.62 software (Bio-Rad, Hercules,
CA, USA).

RT-PCR

Total RNA was extracted using TRIzol reagents
(Invitrogen, Carlsbad, CA, USA) from astrocytes.
Isolated RNA was electrophoresed on 1% agarose gel
to detect the purity of total RNA. The first-strand
cDNA was synthesized using 1 pg total RNA and
SuperScript® III Reverse Transcriptase (Invitrogen,
Carlsbad, CA, USA). PCR amplification was performed
using the PCR amplification kit (Takara Biotechnology,
Dalian, China). The specific primers were designed
using Primer Premier 6.0 software and synthesized by
Sangon Biotech (Shanghai, China). The primers for
Cx43 were 5'-GGC TGT GAA CTC TGT CTC-3'
(forward) and 5-GGC ATC TCC TTC CAT TCC-3'
(reverse). The primers for GAPDH as an internal con-
trol were 5-ACC ACA GTC CAT GCC ATC AC-3'
(forward) and 5'-TCC ACC ACC CTG TTG CTG TA-
3" (reverse). PCR products were electrophoresed on 1%
agarose gel and visualized by Gel Imaging System of
Bio-Rad Corp (Bio-Rad, Hercules, CA, USA). Each
band was analyzed by Quantity One 4.62 software
(Bio-Rad, Hercules, CA, USA).

Statistical Analysis

Data are reported as means = SD in at least three replicates per
group. Data were analyzed by SPSS19.0 software (IBM,
USA). Differences between groups were compared using
Student’s ¢ test or ANOVA, followed by least significant dif-
ference (LSD) multiple comparison tests. Repeated measures
ANOVA were performed for the analysis of time courses of
the behavioral results. Differences were considered significant
atp <0.05.

Results

Astrocyte Activation Is Involved in the Development
of Neuropathic Pain Following Spinal Nerve Ligation

In this study, we used a conventional spinal nerve ligation rat
model to develop neuropathic pain in animals. The behavioral
tests showed that compared with baseline measured 3 days
before SNL, mechanical thresholds of neuropathic animals
gradually decreased on days 1, 3, 7, and 14 after SNL
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(p < 0.001, Fig. 2a). Similar results were observed in the
change of thermal hyperalgesia after SNL (Fig. 2b). To inves-
tigate the effect of spinal nerve injury on astrocyte activation,
GFAP expression and GFAP-positive cells, which was a hall-
mark of astrocyte activation, were evaluated in ipsilateral spi-
nal dorsal horn. The results showed that the number of GFAP-
positive cells in spinal cord were dramatically increased on
days 3, 7, and 14 after SNL compared with naive animals
without any operation (p < 0.001, Fig. 2¢). Similar results
were observed in the effect of spinal nerve injury on GFAP
expression in spinal cord (Fig. 2c, d).

Besides, to further evaluate whether activated spinal astro-
cytes were crucial for neuropathic pain, the astroglial toxin
L-x-aminoadipate (L-&-AA) was intrathecally administrated
at a concentration of 150 nM to sham and SNL rats on post-
operative day 7. The effect of L-a-AA on neuropathic pain
was determined 2 h after L-a-AA administration. L-a-AA
reversed SNL-induced mechanical allodynia (p < 0.01, Fig.
2e) and thermal hyperalgesia (p < 0.01, Fig. 2f) compared
with the SNL group. In addition, compared with the SNL
group, L-a-AA markedly attenuated the SNL-induced num-
ber of GFAP-positive cells (p < 0.01, Fig. 2g) and GFAP
expression (p < 0.01, Fig. 2h, i) in spinal cords.

CORMS-2 Inhibits Neuropathic Pain and SNL-Induced
Spontaneous EPSCs in Lamina IT Neurons of Spinal Cord
Slices

To explore the effect of CORM-2 on SNL-induced neuropath-
ic pain, we intrathecally injected a CORM-2 into SNL-
exposed rats, and then, the indices of mechanical response
and thermal hyperalgesia were determined. Results showed
that CORM-2 administration dramatically attenuated SNL-
induced mechanical allodynia (Fig. 3a) and thermal
hyperalgesia (Fig. 3b) in a dose-dependent manner, and the
efficiency of CORM-2 reached a peak when CORM-2 was
administered for 15 days after SNL. Furthermore, we exam-
ined whether CORM-2 was able to normalize EPSCs in spinal
cord slices after nerve injury. Compared with the sham group,
SNL induced a profound increase in spontaneous EPSC fre-
quency, but not amplitude, demonstrating that nerve injury
was connected with long-lasting increases in spinal cord syn-
aptic transmission. After CORM-2 administration, SNL-
induced spontaneous EPSC frequency was significantly re-
duced in a dose-dependent manner (Fig. 3c—e).

CORM-2 Inhibits HO-1 Expression and Connexin
43-Hemichannel Activity in Ipsilateral Spinal Dorsal Horn

Generation of endogenous CO was mainly dependent on the
expression and activity of heme oxygenase (HO). We there-
fore investigated change of HO-1 expression after SNL and
the effect of CORM-2 on HO-1 expression. The data showed
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that HO-1 expression in spinal cord dramatically increased on
days 3, 7, and 14 after SNL compared with the naive value in
animals without any operation and the matched sham animals
(Fig. 4a, b), and L-x-AA reduced SNL-induced HO-1 expres-
sion (p < 0.01, Fig. 4c) compared with the SNL group.
Furthermore, CORM-2 administration reduced SNL-induced
HO-1 expression compared with the SNL group in a dose-
dependent manner (Fig. 4d).

CORM-2 dose-dependently suppressed SNL-induced
Cx43 expression in spinal cord compared to the SNL group
(Fig. 4¢). Moreover, we evaluated the hemichannel and gap
junction function in response to the stimulation with 50—
200 pM CORM-2 in spinal astrocytes of rats that underwent
sham or SNL surgeries. As displayed in Fig. 4f, GFAP expres-
sion of astrocytes derived from SNL rats was dramatically
elevated compared with the astrocytes derived from sham rats
(p <0.001). Besides, CORM-2 stimulation dose-dependently
down-regulated SNL-induced Cx43 expression in astrocytes
compared to the SNL group (Fig. 4g) and reduced SNL-
induced hemichannel function of spinal astrocyte membranes
(Fig. 4h) and gap junction function of cell-cell contact (Fig.
41), suggesting that CORM-2 was implicated in Cx43-
hemichannel function on spinal astrocyte membranes.

HO-1 Induces Connexin 43-Hemichannel Closure

To investigate whether endogenous HO-1 also inhibited the
CX43-hemichannel function on spinal astrocyte membranes,
we transfected the pcDNA3.1(+)/HO-1 or HO-1 siRNA into
astrocytes that were isolated from sham or SNL rats. Besides,
HO-1 inductor CoPP and HO-1 inhibitor ZnPP were applied
to evaluate the effect of HO-1 on hemichannel function. As
shown in Fig. 5a, intracellular CO production was significant-
ly reduced after SNL compared to the sham control (P < 0.05).
HO-1 overexpression or inductor CoPP elevated intracellular
CO production, especially in SNL groups (P < 0.05).
However, intracellular CO production had no further decrease
in response to HO-1 inhibition either by siRNA or ZnPP com-
pared to their corresponding control in SNL groups (P > 0.05),
and substantially lowered CO after SNL may contribute for
this invalidation of HO-1 inhibition (Fig. 5a). Cx43 mRNA
level substantially increased following SNL damage.
However, either HO-1 overexpression or activation using
CoPP significantly suppressed the Cx43 mRNA level com-
pared with their matched controls. HO-1 siRNA transfection
and inhibitor administration significantly elevated Cx43
mRNA (Fig. 5b). We further evaluated the hemichannel func-
tion and gap junction function of Cx43 when HO-1 was ma-
nipulated. The results showed that both HO-1 upregulation
and activation using CoPP significantly suppressed the func-
tions of Cx43 compared with their matched controls, while
HO-1 inhibition showed opposite effects (Fig. Sc, d).
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Fig. 2 Effect of spinal nerve injury on astrocyte activation in ipsilateral
spinal dorsal horn. Changes of mechanical allodynia (a) and thermal
hyperalgesia (b) in sham and SNL rats 3 days before (BL) and 1, 3, 7,
and 14 days after the operations. The differences between groups were
analyzed by repeated measures ANOVA followed by LSD tests.
"p <0.01, ™ p <0.001 vs BL. N = 6 rats/group. ¢ Spinal cord isolated
from sham and SNL rats at indicated days were grinded and prepared
single-cell suspension, and then stained using anti-GFAP antibody.
Numbers of GFAP-positive cells were counted by flow cytometry.
Naive spinal cords were isolated from rats without any treatment. d

Connexin 43 Is Implicated in CORM-2-Modulated
Neuropathic Pain and Excitatory Synaptic Transmission

To confirm whether Cx43 was implicated in CORM-2-regulated
neuropathic pain and excitatory synaptic transmission, we intra-
thecally injected the pcDNA3.1(+)/Cx43 into the rats on day 7
after SNL and treatment with CORM-2 after SNL. Results
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GFAP expression was analyzed by Western blot after SNL, N = 4
rats/group, p < 0.05, p <0.01,”"p < 0.001 vs BL. e—f Astroglial toxin
L-a-AA was intrathecally injected (150 nM/10 pL) into sham and SNL
rats 7 days after the surgeries, and mechanical allodynia and thermal
hyperalgesia were examined 2 h post-injections. N = 4 rats/group.
*p < 0.01. g Flow cytometry determination of the number of GFAP-
positive cells after L-a-AA injection in sham and SNL rats on postoper-
ative day 7. *p < 0.01. h—i Western blot analysis and quantification of
GFAP expression. N = 4 rats/group, statistical significance was deter-
mined using ANOVA followed by LSD tests

demonstrated that Cx43 overexpression had a proallodynic effect
to mechanical stimulus (p < 0.001, Fig. 6a) and a prohyperalgesic
effect to thermal stimulus (p < 0.001, Fig. 6b) in SNL animals
treated with or without CORM-2 compared with their corre-
sponding controls. Besides, Cx43 overexpression markedly ele-
vated CORM-2-induced spontaneous EPSC frequency (p < 0.01,
Fig. 6¢), but not amplitude (Fig. 6d) compared with control.
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ANOVA followed by LSD tests. p < 0.05, “'p < 0.01, “p < 0.001 vs

Discussion

In this study, we demonstrated a mechanism of CORM-2 in
attenuating nerve injury-induced neuropathic pain by
inhibiting gap junction protein Cx43 expression, hemichannel
function, and gap junction function in SNL injury-activated
astrocytes.

Neuropathic pain is caused by lesion or dysfunction of
peripheral nerve and CNS injuries. It is one of the most intrac-
table human complaints and is largely resistant to the current
treatments (Dworkin et al. 2003). Astrocytes in CNS form an
intimately associated network with neurons. Activation of spi-
nal cord astrocytes plays an important role in the establish-
ment and maintenance of neuropathic pain (Ji et al. 2013).
Previous studies demonstrated that activation of astrocytes in
anterior cingulate cortex promotes neuronal excitation and
development of negative emotions during pain hypersensitiv-
ity after peripheral inflammation (Ikeda et al. 2013). In our
study, we also found that astrocytes were markedly activated
in spinal dorsal horn after SNL, as reflected by the increased
GFAP expression. In addition, we found that L-«-AA, an
inhibitor of astrocyte activation, markedly alleviated neuro-
pathic pain induced by SNL. In our experiment, L-x-AA
was administrated at a dose of 150 nM, which was largely
lower than the reported sub-toxic dose range of less than
0.5 mM (Koyama et al. 1997). Meanwhile, Ohmichi et al.
reported that L-«-AA, intrathecally administered at 150 nM,
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inhibited mechanical hyperalgesia in several body parts in-
cluding the lower leg skin and muscles bilaterally, hindpaws,
and tail in a chronic post-cast pain (CPCP) rat model
(Ohmichi et al. 2014).

Currently, more previous studies and our findings indicated
that alterations of CO content in activated astrocytes may repre-
sent another mechanism that contributed to the development of
neuropathic pain. CO is produced endogenously by HO en-
zymes, which is highly expressed in many inflammatory disease
states and broadly protective (Wilkinson and Kemp 2011).
Currently, increasing evidence indicate that CO is a neurotrans-
mitter associated with cytoprotection and maintenance of homeo-
stasis in pathogenesis of cerebral ischemia, chronic neurodegen-
erative diseases, multiple sclerosis, and pain (Queiroga et al.
2015). HO-1/CO axis was shown to play roles in pain relief.
Emerging studies demonstrated that HO-1 upregulation elicited
potent analgesic effects, partially by inhibiting spinal glia activa-
tion dependent on its anti-inflammatory and anti-oxidant roles
(Liu et al. 2016). In our study, we found that HO-1 was substan-
tially increased after SNL insults. However, this increase was
insufficient for overriding SNL-induced neuropathic pain, just
like what was concluded by Araujo that the degree of HO-1 fold
induction over the basal might reflect the level of stress induced
by stimuli rather than an ability to protect against the injury
(Araujo et al. 2012). Furthermore, we also found that there was
a controversy that the expression of HO-1 increased for several
folds after SNL while its catalyzed product CO reduced after
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Fig. 4 Effects of CORM-2 on HO-1 expression in spinal dorsal and
Cx43-hemichannel function in spinal astrocytes. a, b Changes of HO-1
expression in the spinal cord isolated from sham and SNL rats determined
using Western blot. N = 4 rats/group, the differences between groups were
analyzed by repeated measures ANOVA followed by LSD tests

“p <001, p <0.001 vs BL. ¢ HO-1 expression in spinal cords from

sham and SNL rats in response to the stimulation of astroglial toxin L-«-
AA at day 7 postoperativelly. d, e Effects of CORM-2 injection duration
on SNL-induced HO-1 and Cx43 expression in spinal cords in SNL
animals at the end of the last administration for 5, 10, and 15 days. HO-
1 and Cx43 were exarnined in sham and SNL rats 7 days after the sur-

geries. p < 0.05, “p < 0.01, and “p < 0.001 vs sham; *p < 0.01,

SNL. We considered that there were multiple factors contributed
to this phenomenon. HO-1 is a ubiquitous inducible stress re-
sponse protein whose expression is upregulated by a variety of
cellular insults. Indeed, by itself or by its enzymatic products,
HO-1 acts in tissue homeostasis by suppressing oxidative stress
and maintaining cellular integrity. Especially, under the condition
of SNL insult, the acute and detrimental stress-induced increase
of HO-1 expression may have certain effects against tissue dam-
age. However, the increase of HO-1 after sensing the stress may
not be a direct indicator or predictor of its linear increase of the
molecular activity. For one hand, just as what inferred by Araujo
et al., the basal HO-1 levels may be more important than the
degree of upregulation or induction, which may only reflect the
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###) < 0.001 vs SNL. f Identification of isolated astrocytes from sham
and SNL rats. Student’s 7 test, * p < 0.001 vs sham. Primary astrocytes
were isolated from sham and SNL rats 7 days after the surgeries, and
astrocytes were further treated with 50, 100, and 200 uM CORM-2 for
1 h. Then, Cx43 expression was evaluated using Western blot (g). Effect
of CORM-2 on SNL-induced hemichannel function was tested by
ethidium bromide staining in astrocytes (h). Effect of CORM-2 on
SNL-induced gap junction function was tested after microinjection of
lucifer yellow into astrocytes (i). The differences between groups were
compared using ANOVA followed by LSD tests, “p <0.05, "p <0.01,

“p < 0.001 vs sham; *p < 0.05, *#p < 0.01, *#*p < 0.001 vs SNL

stress level in cells (Araujo et al. 2012). On the other hand, the
activity of HO-1 was modulated or constricted by multiple com-
plicated factors, such as free and available substrate level, energy
supply as well as oxidative stress level, since the SNL insult is a
complex process that involved various pathophysiologic mecha-
nisms. Besides, the produced CO could bind avidly to the heme-
iron contained enzymes like NADPH oxidase, cytochrome
P450, and inducible nitric oxide synthase and also can be slowly
oxidized to CO,, which may affect the detection of free CO
(Gullotta et al. 2012; Srisook et al. 2006). Moreover, in this study,
CO level was measured in isolated astrocytes in vitro. Thus, we
considered that the isolate procedure may affect the content
of CO.
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Fig. 5 HO-1 modulation on CX43 expression and function in astrocytes.
Primary astrocytes were isolated from sham and SNL rats 7 days after the
operations. Then, the cells were transfected with HO-1 overexpressing
vectors or siRNA and their matched controls 24 h before further evalua-
tions of CO production and Cx43 expression and function. In addition,
freshly prepared HO-1 inductor CoPP (5 pM) and HO-1 inhibitor ZnPP
(5 uM) were dissolved in DMSO and administrated to the astrocyte
cultures approximately 4 h before further evaluations. a Intracellular

CORM are ruthenium-containing compounds that are de-
veloped to create the opportunity to deliver CO in a more
practical, controllable, and accurate way to the target site in
comparison to CO gas inhalation (Babu et al. 2015). We found
that intrathecal injection of CORM-2 could suppress neuro-
pathic pain symptoms in rats induced by SNL injury. Hervera
has reported that exogenous delivery of CO using CO-
releasing molecules or increasing the endogenous CO produc-
tion improved the main neuropathic pain symptoms induced
by nerve injury in a time-dependent manner, involving the
interaction between CO and NOS system (Hervera et al.
2013). Our finding demonstrated that intrathecal administra-
tion of CORM-2 suppressed HO-1 expression in astrocytes of
SNL rats. This conclusion is not consistent with what is re-
ported by Bijjem et al., who shows that subcutaneous injection
of CORM-2 significantly improves the levels of HO-1 in CCI
Wistar rats. We consider that different neuropathic pain rat
model and drug administration route may contribute to this
discrepancy. In addition, it was also documented that CORM-
2 downregulated HO-1 expression in LPS-stimulated macro-
phages (Srisook et al. 2006). HO, also known as the heat
shock protein 32, is expressed/activated in response to a wide
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CO production in astrocytes was evaluated using a hemoglobin (Hb)-
based assay. b Cx43 mRNA levels in astrocytes after each treatment. ¢
Hemichannel function in astrocytes evaluated using ethidium bromide
staining. d The effect of HO-1 on gap junction function in astrocytes
determined by lucifer yellow microinjection into astrocytes. The differ-
ences between groups were compared using ANOVA followed by LSD
tests, p < 0.05, “p < 0.01 vs matched controls; *p < 0.05, #p < 0.01 vs
sham

range of different cellular stress conditions, such as oxidative
stress, inflammation, or ischemia (Queiroga et al. 2015). It is
well acknowledged that oxidative stress and inflammation are
the principal determinants for the development of neuropathic
pain (Kiasalari et al. 2017). Furthermore, CORM-2 has been
shown to be beneficial in resolution of acute inflammation
(Katada et al. 2010; Qureshi et al. 2016). Therefore, we think
that the inhibition of CORM-2 on inflammation in response to
neuropathic injury may suppress the induction of HO-1.
Likewise, Srisook et al. concluded that administering CO
gas in low dose was able to produce the anti-inflammatory
and anti-apoptotic effects and could replace the protective
effects of HO-1 induction (Srisook et al. 2006). Since vast
CO enters astrocytes when CORM-2 is administrated, and
higher CO concentration in astrocytes cause catalytic reac-
tions of HO-1 to scarcely be in the ascendant. It is reported
that the enhancement of HO-1 protein is often accompanied
by a higher total gap junction protein Cx43 level (Lakkisto
etal. 2009). Therefore, our study evaluated whether Cx43 was
involved in HO-1/CO axis mediated analgesia effect after
SNL. Astrocytes in CNS form interconnected networks
coupled by gap junctions. The major structural components
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of gap junctions are connexins, and Cx43 subunit is the prin-
cipal connexin expressed on astrocytes (Bennett et al. 2012).
In current study, Cx43 expression was up-regulated, and the
hemichannel function and gap junction function on spinal
astrocyte membranes were enhanced after nerve injury, indi-
cating that Cx43-hemichannel is implicated in development of
neuropathic pain and opened after nerve injury. CO is known
to directly and indirectly modulate the function of ion chan-
nels at the plasma membrane, which in turn have important
repercussions in the cellular behavior (Retamal et al. 2015). It
was reported that CORM-2 potentiated the anti-hyperalgesic
and anti-allodynic properties of morphine and buprenorphine
by non-competitive antagonizing purinergic P2X4 receptors
and leading to the inhibition of glial activation in neuropathic
pain model (Jurga et al. 2016). On the other hand, purinergic
receptors are known to open up hemichannels in astrocytes
(Baroja-Mazo et al. 2013). Therefore, CORM-2 may function
to inhibit Cx43 indirectly via purinergic P2X4 receptors.
Hemichannels are thought to be normally closed, preventing

cell loss of important metabolites such as ATP and glutathi-
one, as well as the massive entry of Ca* (Saez et al. 2010;
Sanchez et al. 2010). After nerve injury, Cx43-hemichannels
on astrocyte membranes are opened and excitatory transmit-
ters, including ATP, glutamate and so on, are released from
astrocytes. At the same time, K* and Ca”* in the extracellular
space enter into the astrocyte, causing a rapid increase of in-
tracellular Ca®* concentration to trigger Ca”*-dependent pro-
cesses such as AMPA/kainate and metabotropic glutamate
receptors (mGIuRs) on astrocytes to induce pain (Bezzi et al.
1998). Therefore, abundant CO, acting as a novel inhibitor of
Cx 43-hemichannels, cross the membrane of astrocytes or not
after CORM-2 injection and induce Cx43-hemichannel clo-
sure (Leon-Paravic et al. 2014). The closed Cx43-
hemichannels maintain small molecules in astrocytes and
block the massive entry of Ca”*, thereby preventing Ca”*-
dependent processes for contributing to the treatment of neu-
ropathic pain. Finally, it is worth noting that CORM-2 is a
ruthenium (Ru)-containing compound and Ru has been shown
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to play potential roles in affecting vascular tone (Pauwels et al.
2015). Also, Freitas et al. showed that the Ru complexes con-
taining nicotinic acid and isonicotinic acid inhibited mechan-
ical hyperalgesia induced by prostaglandin E2. Besides, it was
also evidenced that the control [Ru(NH;)s]Cl3 without the
above ligands by themselves also play certain roles in reduc-
ing hyperalgesia induced by PGE,, in spite to a lower extent
than other Ru-compounds. However, the mechanism is not
clear yet (Freitas et al. 2015). Therefore, whether Ru functions
in the anti-nociceptive activity of CORM-2 or synergistically
functions with CO are currently unknown, which should be
focused in further studies.

Conclusion

Our study demonstrated that activation of spinal cord astro-
cytes plays an important role in attenuating neuropathic pain
induced by SNL. Intraspinal injection of CORM-2 after SNL
could greatly alleviate neuropathic pain by elevating mechan-
ical thresholds and thermal hyperalgesia, and reducing spon-
taneous EPSCs. Administration of exogenous CORM-2 and
up-regulation of endogenous CO producer HO-1 both sup-
pressed SNL-induced Cx43 expression, hemichannel function
and gap junction function. Therefore, CORM-2 attenuated
SNL-induced neuropathic pain via suppressing Cx43-
hemichannel functioning. The current findings will contribute
to the understanding of the underlying mechanisms of neuro-
pathic pain. However, more details concerning the mechanism
of CORM-2 in suppressing pain should be described.
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