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BACKGROUND AND PURPOSE

Spinal astrocytes have emerged as important mechanistic contributors to the genesis of mechanical allodynia (MA) in
neuropathic pain. We recently demonstrated that the spinal sigma non-opioid intracellular receptor 1 (61 receptor) modulates
p38 MAPK phosphorylation (p-p38), which plays a critical role in the induction of MA in neuropathic rats. However, the
histological and physiological relationships among 61, p-p38 and astrocyte activation is unclear.

EXPERIMENTAL APPROACH

We investigated: (i) the precise location of c1 receptors and p-p38 in spinal dorsal horn; (ii) whether the inhibition of c1
receptors or p38 modulates chronic constriction injury (CCl)-induced astrocyte activation; and (iii) whether this modulation of
astrocyte activity is associated with MA development in CCl mice.

KEY RESULTS

The expression of 61 receptors was significantly increased in astrocytes on day 3 following CCl surgery. Sustained intrathecal
treatment with the 61 antagonist, BD-1047, attenuated CCl-induced increase in GFAP-immunoreactive astrocytes, and the
treatment combined with fluorocitrate, an astrocyte metabolic inhibitor, synergistically reduced the development of MA, but
not thermal hyperalgesia. The number of p-p38-ir astrocytes and neurons, but not microglia was significantly increased.
Interestingly, intrathecal BD-1047 attenuated the expression of p-p38 selectively in astrocytes but not in neurons. Moreover,
intrathecal treatment with a p38 inhibitor attenuated the GFAP expression, and this treatment combined with fluorocitrate
synergistically blocked the induction of MA.
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CONCLUSIONS AND IMPLICATIONS

Spinal 61 receptors are localized in astrocytes and blockade of 61 receptors inhibits the pathological activation of astrocytes
via modulation of p-p38, which ultimately prevents the development of MA in neuropathic mice.

Abbreviations

[Ca?];, cytoplasmic Ca?* concentration; BD-1047, N-[2-(3,4-dichlorophenyl)ethyl]-N-methyl-2-(dimethylamino)
ethylamine dihydro-bromide; CCI, chronic constriction injury; CFA, complete Freund’s adjuvant; ER, endoplamic
reticulum; GluN1, NMDA receptor GluN1 subunit; i.t., intrathecal; IPs;, inositol triphosphate; MA, mechanical allodynia;
MCP-1, monocyte chemoattractant protein-1; NECK, neck region; NP, nucleus proprius; pGluN1, phosphorylated
NMDA receptor GluN1 subunit; PIP,, phosphatidylinositol 4,5-bisphosphate; p-p38, phosphorylation of p38 MAPK;
PWF, withdrawal response frequency; SB203580, 4-(4-fluorophenyl)-2- (4-methylsulfonylphenyl)-5-(4-pyridyl)-1H-
imidazole; SDH, superficial dorsal horn; TH, thermal hyperalgesia; 1 receptor, sigma non-opioid intracellular

receptor 1.
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These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (“>“Alexander et al., 2013a,b,c).

Introduction

Chronic pain, such as peripheral neuropathic pain, can be
characterized by sensory disorders that include mechanical
allodynia (MA, lowering of response threshold to light tactile
stimuli) and thermal hyperalgesia (TH, an increased response
to a noxious thermal stimulus). The development of neuro-
pathic pain is associated with a variety of pathophysiological
changes (Ueda, 2006; Latremoliere and Woolf, 2009) includ-
ing peripheral sensitization (the increased sensitivity of noci-
ceptive primary afferent neurons) and central sensitization
(hyperexcitability of nociceptive neurons in the dorsal horn
of the spinal cord). The precise spinal cord mechanisms
underlying the development of MA and TH remain to be
clearly defined, despite the fact that a number of studies have
reported different signalling pathways involved with the
development of MA versus TH (Ossipov etal., 1999; Roh
et al., 2008a).

Sigma non-opioid intracellular receptors 1 (c1 receptors)
are involved in a variety of cellular mechanisms but this
involvement appears to occur via a common mechanism of
regulating intracellular Ca®** concentrations (Guitart et al.,
2004; Su et al., 2010). The o1 receptor is characterized by a
unique mode of action via the regulation of both Ca* entry
at the plasma membrane level and Ca*" mobilization from
endoplasmic stores (Monnet, 2005). The role of 61 in modu-
lating central sensitization associated with the development
of neuropathic pain has recently been investigated. De la
Puente ef al. reported that o1 receptor knockout mice did not
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show cold and MA and also did not exhibit increased phos-
phorylation of ERK in the spinal cord after sciatic nerve
injury (de la Puente et al., 2009). These results are in agree-
ment with the observation that intrathecal (i.t.) injection of
the ol antagonist, BD-1047, attenuated MA, but not TH,
when administered during the induction phase (days 0-5
following sciatic nerve chronic constriction injury, CCI), but
did not attenuate MA when administered during the main-
tenance phase (days 15-20 after CCI) in CCI rats (Roh et al.,
2008c¢). Recently, a study from our laboratory showed that
the activation of spinal o1 receptors is associated with the
phosphorylation of p38 MAPK (p-p38) in the spinal cord
dorsal horn (Moon et al., 2013). Based on these findings, we
hypothesized that 61 receptor modulation of p38 activation
plays an important role in the induction of MA in neuro-
pathic pain.

Although it is well recognized that 61 receptors are widely
distributed in mammalian peripheral organs and throughout
the CNS (Hellewell et al., 1994; Alonso et al., 2000; Palacios
et al., 2003), the identity of specific cell types expressing c1
receptors in the spinal cord dorsal horn is unknown. Identi-
fication of the cell type expressing the o1 receptors would
provide an important clue to understanding the role of ¢l
receptors and p-p38 in relation to development of chronic
MA. It is increasingly recognized that glial cells (astrocytes
and microglia) play an important role in chronic pain pro-
cessing (Gosselin et al., 2010). In particular, astrocytes repre-
sent the most abundant cells in the CNS and dynamically
modulate neuronal function under both physiological and
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pathological conditions (Halassa etal., 2007; Gao and Jij,
2010b; Wang et al., 2012). Accumulating evidence suggests
that astrocyte activation contributes to the development and
maintenance of chronic pain induced by nerve injury,
inflammation, paclitaxel and paw incision. (Xu et al., 2007;
Gao et al., 2009; Ikeda et al., 2012; Zhang et al., 2012). Fur-
thermore, Ji et al. recently reported that MA was dose depend-
ently attenuated by i.t. administration of L-o-aminoadipate (a
specific astrocyte inhibitor) in a rat chemotherapy-induced
neuropathic pain model (Ji et al., 2013). Moreover, i.t. admin-
istration of L-o-aminoadipate reversed complete Freund’s
adjuvant (CFA)-induced MA, while it produced no effect on
the CFA-induced heat hyperalgesia (Gao and Ji, 2010a). These
data imply that spinal astrocytes can play an important role
in regulating MA but not TH under chronic pain conditions.

Therefore, the present study was designed to examine: (i)
the precise cellular location of o1 receptors and p-p38 in
spinal cord dorsal horn; (ii) whether the inhibition of ol
receptors or p38 modulates CCl-induced astrocyte activation;
and finally (iii) whether this modulation of astrocyte activity
is associated with MA development in CCI mice.

Methods

Animal preparation

Male ICR mice (25-30 g) were purchased from the Laboratory
Animal Center of Seoul National University (Seoul, Korea).
They had free access to food and water and were maintained
in temperature- and light-controlled rooms (23 + 2°C, 12/12h
light/dark cycle with lights on at 08:00) for at least 1 week
before beginning an experiment. The experimental protocols
for animal usage were reviewed and approved by the SNU
Animal Care and Use Committee and conform to NIH guide-
lines (NIH publication No. 86-23, revised 1985). All studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A CCI of
the common sciatic nerve was performed by setting three
loose ligatures of 6-0 silk according to the method described
by Bennett and Xie (1988). Mice were anaesthetized by i.p.
injection with 50 uL of a combination of Zoletil 50® (Virbac,
Carros, France), Rompun® (Bayer AG, Leverkusen, Germany)
and saline (a ratio of 2:1:2 respectively). The total number of
mice used in the study was 242.

Intrathecal (i.t.) drug injection

For i.t. injection, we used the modified method of direct
transcutaneous i.t. injection in mice (Hylden and Wilcox,
1980). The flick of the tail was considered indicative of a
successful i.t. administration. All drugs administered to
experimental and control mice were dissolved in 5 pyL of
vehicle. I.t. treatments with the drugs were performed twice a
day on post-operative days 0-3 (induction period).

The  following  drugs were wused: N-[2-(3,4-
dichlorophenyl)ethyl]-N-methyl-2-(dimethylamino) ethyl-
amine dihydro-bromide [BD-1047, a o1 receptor antagonist;
100 nmol, Tocris Cookson Ltd (Bristol, UK)]; 4-(4-
fluorophenyl)-2-(4-methylsulfonylphenyl)-5-(4-pyridyl)-1H-
imidazole (§B203580, a p38 inhibitor; 0.1, 0.3, 1, 3, 10 nmol);
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fluorocitrate (an astroglial metabolic inhibitor, 0.03, 0.001,
0.003 nmol). SB203580 and fluorocitrate were supplied by
Sigma-Aldrich (St. Louis, MO, USA). The doses of drugs used in
the present study were based on those used in previous studies
from our laboratories showing maximal effects with no detect-
able side effects (Roh et al., 2008b,c; Kang et al., 2011; Moon
etal., 2013). BD-1047 and fluorocitrate were dissolved in
physiological saline, while SB203580 was dissolved in 1%
DMSO in saline. The nomenclature regarding receptors con-
forms to the British Journal of Pharmacology’s Concise Guide to
PHARMACOLOGY (Alexander et al., 2013a,b).

Behaviour assessments

Behavioural tests were performed 1 day before CCI or sham
surgery in all mice to obtain normal baseline values of with-
drawal response to mechanical and thermal stimuli. Animals
were tested again following CCI or sham surgery for a period
of 21 days as described above. Animals were randomly
assigned to experimental groups and all behavioural analyses
were performed blindly.

Responses to mechanical and heat stimuli were evaluated
as described in previous studies from our laboratories (Roh
et al., 2008b; 2011). Sensitization to innocuous mechanical
stimulation (MA) was examined using a 0.16 g von Frey fila-
ments (North Coast Medical, Morgan Hill, CA, USA). The
results of the mechanical response testing in each experimen-
tal animal were expressed as % withdrawal response fre-
quency (PWE, %) to 10 applications of the filament. To assess
thermal nociceptive responses (TH), paw withdrawal
response latency (s) was measured by using the plantar paw-
flick latency test as previously described by Hargreaves et al.
(1988). The test was repeated in the ipsilateral hind paw of
each animal, and the mean withdrawal latency was calcu-
lated. Cut-off time in the absence of a response was set at 20 s.

Western blotting analysis

After CCI or sham surgery, the mouse spinal cords were
removed and collected to examine possible increases in ¢1
receptor and GFAP expression. The ipsilateral dorsal quadrant
(which included the entire ipsilateral dorsal horn) from each
CCI or sham mouse was subsequently processed for Western
blot analysis according to the method detailed in our previ-
ous reports (Roh et al., 2011; Moon et al., 2013). The mem-
branes were blocked with 5% skim milk for 1 h at room
temperature (RT) and incubated at 4°C overnight with a
primary antibody specific for p-actin (1:5000, loading
control, Santa Cruz Biotechnology Inc., CA, USA), GFAP
(1:1000, Chemicon International Inc., CA, USA) or for ol
receptor (1:1000, anti-OPRS1 antibody, ab53852, Abcam Inc.,
Cambridge, MA, USA). The membranes were washed and
primary antibodies were detected using goat anti-rabbit or
anti-mouse IgG conjugated to horseradish peroxidase. The
bands were visualized with enhanced chemiluminescence
(Amersham Biosciences, Buckinghamshire, UK). The positive
pixel area of specific bands was measured with a computer-
assisted image analysis system and normalized against the
corresponding B-actin loading control bands. The mean value
of the ratio in sham injury animals was set at 100%. Thus, the
% change relative to the sham surgery condition was then
calculated for each time point in each group.
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Immunohistochemistry

Mice were administered an overdose of anaesthetic and per-
fused with fixative, and o1 receptor immunohistochemical
staining was subsequently performed on spinal cord sections
according to the method detailed in our previous reports
(Roh et al., 2011; Moon et al., 2013). To confirm the specific-
ity of the ol receptor antibody immunoreactivity, we per-
formed a pre-absorption test in which the antibody was
mixed with the OPRS1 recombinant protein (25 ug of
peptide-mL™ of diluted primary antibody, Novus Biologicals,
Littleton, CO, USA) overnight at 4°C prior to staining.

In CCI mice, on day 3 post-surgery, transverse spinal cord
sections were incubated in blocking solution for 1 h at RT and
then incubated for 48 h at 4°C with one of the following two
primary antibodies: rabbit anti-c1 receptor antibody (1:1000)
or mouse anti-GFAP (1:1000). Following incubation, tissue
sections were washed and incubated for 1 h at RT in second-
ary antibodies. Cyanine (Cy3) anti-rabbit IgG (1:200, Jackson
ImmunoResearch, West Grove, PA, USA) and Alexa fluor 488
anti-mouse IgG (1:200, 1 h at RT, Invitrogen, Carlsbad, CA,
USA) antibodies were used as the secondary antibodies
respectively. Double-immunofluorescence labelling was used
to study the distribution of 61 receptors and p-p38 in spinal
cord dorsal horn cells. For double immunofluorescence stain-
ing, floating sections were first incubated overnight at RT
with a rabbit anti-c1 receptor or a rabbit anti-p-p38 (1:1000,
#4511, Cell Signaling technology, Beverly, MA, USA). After
being washed with TPBS, the sections were then incubated for
2h at RT with a Cy3-conjugated anti-rabbit IgG antibody
(1:200). Then the slices were washed again and incubated
overnight at RT with GFAP, neuronal-specific nuclear protein
(NeuN) (mouse, 1:1000; Millipore, Billerica, MA, USA) or
Iba-1 (goat, 1:500, Abcam) followed by Alexa fluor 488 anti-
mouse IgG secondary antibody (1:200) for 2 h at RT. The
slides were viewed under a confocal microscope (Fluoview4.3;
Olympus, Shinjuku, Tokyo, Japan).

To analyse images, three to five spinal cord sections from
the L4-5 lumbar spinal cord segments were randomly selected
from each animal, and were analysed using a computer-
assisted image analysis system (Metamorph version 7.7.2;
Molecular Devices Corporation, Downingtown, PA, USA).
The average number of GFAP-ir cells from each animal was
obtained and these values were averaged across each group
and presented as group data. To maintain a constant thresh-
old for each image and to compensate for subtle variabilities
in the immunostaining, we only counted cells that were at
least 45% brighter than the average level of each image after
background subtraction and shading correction. To analyse
colocalization images, pairs of fluorescent images were
acquired on the confocal microscope as green and red chan-
nels. A qualitative analysis of 61 receptor and p-p38 antibody
colocalization was performed using Metamorph. The back-
ground for each image was subtracted by an automatic algo-
rithm without user intervention before analysis. Overlap of
the red/green images was visualized in merged images as
yellow pixels, and areas of overlap were considered colocal-
ized. The extent of colocalization of 1 receptors with GFAP,
NeuN or Iba-1 was analysed using Pearson’s correlation coef-
ficient for Metamorph. The range of values of the correlation
coefficient is —1.0 to +1.0. A value of 1.0 shows that the data
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are perfectly matched with one another and a value of -1.0 is
observed when there is an inverse relationship between
intensities in the two images (Dunn et al., 2011). As negative
control, the same images were used, but one of the images
was rotated by 90° and then the same analysis was repeated.
The extent of colocalization of p-p38 with NeuN was meas-
ured as the number of areas of overlap between the two
fluorescent probes in each spinal cord region using Meta-
morph. To analyse the extent of colocalization of p-p38 in
GFAP-labelled cells, we directly quantified the number of cells
showing astrocytic nuclei that contained p-p38 immunola-
belling. We quantified immunostaining in the following
three dorsal horn regions: (i) the superficial dorsal horn (SDH,
laminae I and II); (ii) the nucleus proprius (NP, laminae III
and IV); and (iii) the neck region (NECK, laminae V and VI)
as previously reported (Moon et al., 2013). All analytical pro-
cedures described above were performed blindly without
knowledge of the experimental conditions.

Statistical analysis

All values are expressed as the mean + SEM. Statistical analysis
was performed using Prism 5.0 (Graph Pad Software, San
Diego, CA, USA). Repeated measures two-way ANOVA was used
to determine overall differences in the time-course of all
nociceptive behavioural tests. One-way anova was used to
determine differences across all experimental groups (immu-
nohistochemistry and Western blot assay). Post-hoc analysis
was performed using the Bonferroni’s multiple comparison
test in order to determine the P-value among experimental
groups. P < 0.05 was considered statistically significant.

Results

CCl-induced changes in ol receptor
expression in the dorsal horn of

neuropathic mice

In this study, we utilized a 61 receptor antibody (anti-OPRS1
antibody) to stain mouse lumbar spinal cord sections 3 days
after CCI surgery. The specificity of the antibody was first
tested using a pre-absorption test with a 61 receptor recombi-
nant protein. ¢1 receptor-immunoreactivity was not detected
in any of the spinal sections processed with pre-absorbed c1
receptor antibody (Figure 1A). The lack of immunostaining in
the specificity controls validates the specificity of the anti-
body. Next, we performed Western blot analysis because spinal
o1 receptor expression has not been previously reported in
CCI mice. There was a significant CCI-induced increase in c1
receptor expression on Western blots that peaked at 3 days
post-surgery and this increased expression was restored to
normal pre-CCI values by 7 days post-surgery (Figure 1B). The
increase of 61 receptor expression induced by CCI in mice was
similar to that of CCI rats as previously reported (Roh et al.,
2008c¢). To observe the distribution of c1 receptor expression
in the spinal cord, we performed immunohistochemistry
using the anti-c1 receptor antibody on day 3 after sham or CCI
surgery (Figure 1C). In the sham group, o1 receptor-ir cells
were observed only in the SDH. Much fewer 61 receptor-ir cells
were detected in the deeper laminae (Figure 1C and D).
However, on day 3 post-CClI surgery, c1 receptor expression
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Figure 1

Sigma non-opioid intracellular receptor 1 (1) expression is significantly increased on day 3 post-CCl in the mouse spinal cord dorsal horn. (A) 61
receptor-immunoreactivity was not detected in any of the spinal sections processed with ¢1-antisera pre-absorbed with a 61 peptide overnight. (B)
Western blot analysis indicated that 61 receptor expression was significantly increased by postoperative day 1 and reached a peak level by
postoperative day 3 when compared with 61 receptor expression in sham surgery (NOR) animals (n=9 at each time point in the CCl or sham groups).
A graph depicting the change in 61 receptor expression is shown in the upper portion, and the representative bands of 61 receptor and B-actin
expression are presented in the lower portion. (C, D) Representative photomicrographs of 61 receptor-immunoreactive (ir) cells in the superficial
layers of the ipsilateral spinal cord dorsal horn and a graph quantifying the changes in 61 receptor expression in sham and CCl animals. On
post-operative day 3, 61 receptor expression was significantly increased in the ipsilateral superficial layers of the dorsal horn, but was also increased
in the deeper laminae of CCl mice compared with the SHAM-operated controls. *P<0.05 and **P < 0.01 as compared with those of the SHAM group.

Scale bar, 200 um.
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was significantly increased in the SDH, but also in the NP and
NECK as compared with that of the sham group.

Cellular distribution of ol receptors in the
spinal cord dorsal horn in CCI mice

To determine which specific cell types express ¢1 receptors on
the ipsilateral dorsal horn in CCI mice, double staining was
performed at day 3 post-CCI using an anti-c1 receptor anti-
body in combination with antibodies specific for astrocytes
(GFAP), neurons (NeuN), or microglial cells (Iba-1). Double
immunostaining with GFAP showed that the increased
expression of o1 receptors was located to astrocytes
(Figure 2A and D). No co-expression of ol receptor was
observed with the NeuN, a neuronal marker (Figure 2B), or
Iba-1, a microglial marker (Figure 2C). Pearson’s coefficient (r)
was used to quantify the degree of colocalization of 1 recep-
tor with GFAP, NeuN or Iba-1 (Figure 2E). There was a high
correlation between o1 receptor and GFAP-ir cells in the
spinal cord of CCI mice (r = 0.801). The average correlation
coefficient dropped when the same region was analysed again
after one of the two images of the image pair had been
rotated 90 degrees (r = 0.011). In contrast, the average corre-
lation coefficient between o1 receptor and NeuN was
-0.0893. While the correlation between the 1 receptor and
Iba-1 was a little higher (r = 0.129), there was no significant
difference in the average when it was compared with the
average of the same images, when one member of the pair
was rotated 90 degrees (Figure 2E). These results indicate that
the co-expression values that we obtained provided a mean-
ingful measure of the relative colocalization ¢1 receptor and
GFAP expression in spinal cord sections (Dunn et al., 2011)
and suggest that o1 receptor expression occurs primarily in
astrocytes. 2-12.

Effects of i.t. BD-1047 administration on the
expression of GFAP in CCI mice

We performed a Western blot analysis and immunohisto-
chemistry to examine whether the CCl-induced increase in
GFAP expression was regulated by ol receptor activation
during the induction phase. In Western blot analysis, the
expression of GFAP on immunoblots was significantly
increased from days 3 to 7 after CCI (Figure 3A). I.t. admin-
istration of the 61 receptor antagonist, BD-1047 (100 nmol,
CCI + BD) on post-operative days 0-3 significantly attenuated
the CCl-induced increase in GFAP expression on day 3 post-
CCI surgery as compared with the vehicle-treated group
(Figure 3B). Immunohistochemistry analysis also confirmed
that i.t. administration of BD-1047 effectively attenuated the
CCl-induced increase in the number of GFAP-ir cells in the
SDH and NP region (Figure 3C).

Effects of BD-1047, fluorocitrate or
concomitant fluorocitrate and BD-1047
treatment on the development of CCl-induced
MA and TH

We first confirmed the antinociceptive effect of the c1 recep-
tor antagonist, BD-1047 (BD) during the induction phase
(Figure 4A and B). Sustained i.t. treatment with BD-1047
reduced the CCIl-induced increase in PWF (%) to innocuous
mechanical stimuli in a dose-dependent manner (Figure 4A).

5886 British Journal of Pharmacology (2014) 171 5881-5897

On the other hand, repeated i.t. administration of BD-1047
did not affect the CCIl-induced TH (Figure 4B). These effects
of BD-1047 treatment are similar to those reported previously
by our laboratories in rats (Roh et al., 2008c; Moon et al.,
2013). To confirm the contribution of astrocyte activation to
the CCl-induced pain behaviour, the astroglial metabolic
inhibitor, fluorocitrate was injected intrathecally on postop-
erative days 0-3. Similar to the antinociceptive effect of
BD-1047, i.t. treatment with fluorocitrate (0.003, 0.01,
0.03 nmol) significantly attenuated the CCl-induced MA in a
dose-dependent manner (Figure 4C). On the other hand,
CCl-induced TH was not influenced by repeated i.t. treatment
of fluorocitrate (Figure 4D). While i.t. treatment of either a
low dose of BD-1047 (10 nmol) alone or a low dose of fluo-
rocitrate (0.003 nmol) alone did not alter the MA, the com-
bination of the two treatments (Fc + BD) significantly
suppressed MA development (Figure 4E). These results
suggest a significant interaction between o1 receptors and
astrocyte activation. However, CCl-induced TH was not
affected by concomitant BD-1047 and fluorocitrate treatment
(Figure 4F).

The localization of p-p38 in spinal cord
dorsal horn after CCI

We recently reported that the activation of p38 in the spinal
cord contributes to the generation of MA and that p-p38, the
active form of p38, is regulated by o1 receptor activation in
CCI rats (Moon et al., 2013). We used an anti-phospho-p38
antibody to confirm the cellular distribution of p-p38 in mice
lumbar spinal cord sections on day 3 following CCI surgery.
To determine which cell types express p-p38 in the spinal
cord dorsal horn in CCI mice, double staining was performed
using NeuN, GFAP or an Iba-1 antibody. We found that the
majority of the p38 staining was in the nucleus of astrocytes
(Figure 5A) or neurons (Figure 5B). There was no evidence of
p-p38 staining in Iba-1-positive microglia (Figure 5C).

Effects of i.t. BD-1047 administration on the
expression of p-p38 in astrocytes or neurons
in CCI mice

The CCl-induced increased in p-p38 expression was
decreased by BD-1047 treatment during the induction phase
on day 3 after CCI surgery (Figure 6A). We next performed
double staining to examine whether the p-p38 located in
astrocytes or neurons or both is regulated by ol receptor
activation. There was a CCl-induced increase in p-p38 immu-
nostaining in both GFAP- and NeuN-positive cells in the SDH
and NP regions of the dorsal horn as compared with that of
the sham group (Figure 6B and C). Repeated daily, i.t. admin-
istration of BD-1047 significantly decreased the level of CCI-
induced p-p38 expression in GFAP-labelled cells, but not in
NeuN-labelled cells, as compared with the vehicle-treated
group (Figure 6B and C).

Effects of i.t. SB203580 administration on
the expression of GFAP in CCI mice

We performed a Western blot analysis and immunohisto-
chemistry to examine whether the CCl-induced increase in
GFAP expression was regulated by p38 activation. Sustained
i.t. administration of the p38 inhibitor, SB203580, (3 nmol,
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Sigma non-opioid intracellular receptor 1 (c1) expression was selectively increased in astrocytes after CCI. Transverse sections through the lumbar
spinal cord obtained from mice at day 3 post-CCl were processed for immunocytochemistry. (A—C) Immunohistochemical labelling was performed
with an antibody against 61 receptor (o1, red) and double labelled with GFAP, a marker for astrocytes, NeuN, a marker for neurons or Iba-1, a
marker for microglia, antibodies (green). 1 receptor-ir cells were colocalized with GFAP-ir cells, but not with NeuN or Iba-1 immunostained cells
at postoperative day 3 in the ipsilateral dorsal horn spinal cord of CCl mice. (D) Representative fluorescent photomicrographs depicting
immunolabelling for 61 receptor (red) and the astrocyte marker, GFAP (green). Double immunolabelling for 61 receptor and GFAP (yellow). (E)
The average correlation coefficient between o1 receptor and GFAP was 0.801, but this correlation coefficient was significantly reduced when a
region within the spinal cord dorsal horn in one of the images was rotated 90° with respect to the other image. In contrast, the average correlation
coefficient of 61 receptor with either NeuN or Iba-1 was very low (n = 6 for each of the CCl groups). ***P < 0.001 as compared with those of the
rotated group. Scale bar, 200 um.
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The CCl-induced increase in GFAP expression is blocked by spinal injection of the 61 receptor antagonist, BD-1047. (A) Western blot analysis
indicated that GFAP expression was significantly increased by post-operative day 3 and reached a peak level by post-operative day 7 when
compared with that of sham surgery (NOR) animals (n = 5 at each time point in the CCl or sham groups). (B) Western blot analysis showed that
i.t. injection of BD-1047 (CCl + BD, 100 nmol, administered from days O to 3 after surgery) significantly decreased the level of CCl-induced GFAP
expression as compared with the vehicle-treated group. A graph depicting the change in the GFAP is shown in the upper portion, and the
representative bands of GFAP and B-actin expression are presented in the lower portion of (B). (C) Immunohistochemistry also demonstrated that
i.t. treatment with BD-1047 robustly suppressed the number of GFAP-ir cells in ipsilateral spinal cord dorsal horn as compared with the
vehicle-treated group. Photomicrographs of representative L4-5 spinal cord sections illustrating GFAP-ir cells in the sham group (SHAM), in the
saline-treated CCl group (CCl + VEH) and in the BD-1047-treated CCl group (CCl + BD). An illustration depicting the location of the different spinal
cord regions analysed in this study is shown in the upper left panel of this figure. *P < 0.05, **P < 0.01 and ***P < 0.001 as compared with those
of the SHAM group, and #P < 0.05 and ##P < 0.01 as compared with those of the CCl + VEH group.
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Figure 4

The concomitant treatment with low doses of BD-1047 and fluorocitrate also reduced the development of MA, but had no effect on CCl-induced
TH. (A) L.t. injection of BD-1047 in CCl mice blocked the increase in response frequency (%) that occurring in vehicle-treated CCl mice in a
dose-dependent manner. (B) However, the decrease in response latency (s) to heat stimuli was unaffected by repeated i.t. treatment with even
the highest dose of BD-1047 tested (100 nmol). (C, D) Repeated daily treatment with fluorocitrate significantly attenuated MA, but not TH as
compared with the vehicle-treated group (E, F). When a combination of BD-1047 and fluorocitrate was given, MA was reduced, compared with
the effects shown in either the BD-1047 or fluorocitrate alone treatment groups. TH was not affected by concomitant BD-1047 and fluorocitrate
treatment. *P < 0.05, **P < 0.01 and ***P < 0.001 as compared with those of CCl + VEH group.

British Journal of Pharmacology (2014) 171 5881-5897 5889



BJP ] Y Moon et al.

Figure 5

Phosphorylated (p)-p38 was increased in spinal astrocytes and neurons following CCl in mouse ipsilateral spinal cord dorsal horn. (A-C) Transverse
sections through the lumbar spinal cord segment 3 days after CCl were labelled with an antibody against p-p38 (red) and double labelled with
GFAP, Iba-1 or NeuN antibodies (green). The p-p38-ir staining was preferentially located in the nuclei of GFAP-positive and NeuN-positive cells.
(A) Some of the p-p38-labelled cells were GFAP-positive astrocytes (arrows), while others were not GFAP positive (arrowheads). (B) p-p38-labelled
cells were clearly double labelled with NeuN antisera, a neuronal marker (arrows), although some phospho-p38-labelled cells were not
NeuN-positive neurons (arrowheads). (C) No colocalization was detected for p-p38 and Iba-1, a microglia marker (arrowheads). Scale bar,

200 um.

CCI + SB) on post-operative days 0-3 significantly reduced
the CCl-induced increase in GFAP expression, as compared
with vehicle-treated CCI mice (Figure 7A). Immunohisto-
chemistry analysis also confirmed that the i.t. administration
of SB203580 during the induction phase effectively attenu-
ated the CCl-induced increase in the number of GFAP-ir cells
in all dorsal horn laminae (Figure 7B).

Effects of SB203580 or concomitant
fluorocitrate and SB203580 treatment on the
development of CCIl-induced MA and TH

To confirm the relation between p-p38 expression and astro-
cyte activation to CCl-induced pain behaviours, we intrath-
ecally administered SB203580 or fluorocitrate on post-
operative days 0-3. Sustained i.t. treatment with SB203580
(0.3, 1, 3 nmol) significantly attenuated the CCl-induced
increase in PWF (%) to innocuous mechanical stimuli in a
dose-dependent manner (Figure 8A). However, SB203580
administration did not affect the CCl-induced TH
(Figure 8B). This effect of SB203580 treatment is similar to
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that previously reported in rats from our laboratory (Moon
etal., 2013). While i.t. treatment of either a low dose of
SB203580 (0.3 nmol) or a low dose of fluorocitrate
(0.003 nmol) alone did not alter CCI-induced MA, the com-
bination of the two treatments (Fc + SB) significantly sup-
pressed MA development (Figure 8C). These results suggest
that there is a significant interaction between p-p38 and
astrocyte activation. Conversely, CCl-induced TH was not
affected by concomitant SB203580 and fluorocitrate treat-
ment (Figure 8D).

Discussion

Although the role of c1 receptors in central sensitization and
pain hypersensitivity has been reported in several pain
models (de la Puente et al., 2009; Carlsson et al., 2010; Nieto
et al., 2012), the cellular distribution of c1 receptors in the
spinal cord dorsal horn has not been reported previously,
particularly as it relates to a chronic pain condition. There are
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I.t. treatment with the o1 receptor antagonist, BD-1047 decreased the level of CCl-induced p-p38 expression located in astrocytes, but not in
neurons. (A) The CCl-induced increase in p-p38 expression was suppressed by BD-1047 treatment during the induction phase on day 3 after CCl
surgery. (B) I.t. administration of BD-1047 decreased the level of CCl-induced p-p38 expression colocalized with GFAP as compared with the
vehicle group. (C) However, increased p-p38 expression colocalized with NeuN was not altered by i.t. treatment with BD-1047. *P < 0.05 and ***P
< 0.001 and as compared with those of SHAM group, and ##P < 0.01 and ###P < 0.001 as compared with those of the CCI + VEH group. Scale

bar, 200 um.

two possibilities with respect to the mechanism underlying
the action of spinal c1 receptors in the induction of chronic
pain. The first hypothesis is that 1 receptors are up-regulated
in spinal neurons and can directly modulate these neurons
(central terminals of primary afferent neurons or second-
order neuron in dorsal horn) under conditions of chronic
pain; and the second hypothesis is that spinal cord c1 recep-
tors can indirectly modulate neuronal activity via a signalling
mechanism associated with glial cells (astrocytes and/or
microglia). Interestingly, the first finding of the present study

demonstrated that 1 receptor expression is significantly and
selectively increased only in astrocytes and not in spinal cord
neurons on day 3 post-CCI surgery. This is consistent with
the work of Ruscher et al. (2011), which demonstrated a sig-
nificant increase in 61 receptor expression in reactive astro-
cytes and not neurons or microglia after experimental stroke
(Ruscher et al., 2011).

A growing number of studies have used Ca** as an indi-
cator of astrocytic activity and demonstrated that an increase
in cytoplasmic Ca** concentration ([Ca*];) in astrocytes is
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CCI+SB

The CCl-induced GFAP increase is blocked by spinal injection of the p38 inhibitor, SB203580. (A) Western blot analysis showed that i.t. injection
of SB203580 (CCl + SB, 3 nmol, administered from days O to 3 after surgery) significantly decreased the level of CCl-induced GFAP expression
as compared with the vehicle-treated group. A graph depicting the change in GFAP is shown in the upper portion of (A), and the representative
bands of GFAP and B-actin expression are presented in the lower portion. (B) Immunohistochemistry also demonstrated that i.t. treatment with
SB203580 robustly suppressed the number of GFAP-ir cells in the ipsilateral dorsal horn as compared with the vehicle-treated group. Photomi-
crographs of representative L4-5 spinal cord sections illustrating GFAP-immunoreactive cells in the sham group (SHAM), in the saline-treated CCl
group (CCI + VEH) and in the SB203580-treated CCl group (CCl + SB). *P < 0.05 and **P < 0.01 as compared with those of SHAM group, and
#P < 0.05 and ##P < 0.01 as compared with those of the CCl + VEH group.

correlated with gliotransmitter release and modulation of
neuronal activity (Agulhon et al., 2008; Ben Achour etal.,
2010). Astrocytes exhibit a large number of G protein-
coupled metabotropic receptors (GPCRs) linked to Ca** mobi-
lization from internal stores or ionotropic glutamate
channels or receptors linked to extracellular Ca* entry
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(Agulhon et al., 2008; Miyano et al., 2010). The stimulation of
the GPCRs coupled to PLC hydrolyses the membrane lipid
phosphatidylinositol 4,5-bisphosphate (PIP,) to generate
DAG and inositol triphosphate (IP;), leading to IP; receptor
(IP; R) activation and Ca?* release from the endoplasmic
reticulum (ER). It has been reported that 61 receptors
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The concomitant treatment with a low dose of SB203580 and a low dose of fluorocitrate also reduced the development of MA, but had no effect
on TH. (A) L.t. injection of SB203580 blocked the increase in response frequency (%) that was observed in vehicle-treated CCl mice in
dose-dependent manner. (B) However, the decrease in response latency (s) to heat stimuli was unaffected by repeated i.t. treatment with
SB203580. (C, D) The lowest dose of SB203580 had no effect on CCl-induced MA and TH. When a combination of SB203580 and fluorocitrate
was given, MA was reduced, compared with the effects shown in either the SB203580 or fluorocitrate alone treated group. TH was not affected
by concomitant SB203580 and fluorocitrate treatment. *P < 0.05, **P < 0.01 and ***P < 0.001 as compared with those of CCl + VEH group.

normally reside at a mitochondrion-associated ER membrane
where 1 receptors regulate ER-mitochondrion Ca* signal-
ling and ER-nucleus crosstalk (Su et al., 2010). When cells are
stimulated by o1 receptor ligands or undergo prolonged
stress, o1 receptors have been shown to activate IP;-induced
Ca?** efflux from the ER (Hayashi and Su, 2001). In addition,
activated o1 receptors translocate to plasma membrane, thus
regulating functional proteins, including ion channels,
receptors and kinases (Su et al., 2009; 2010). Recent studies
from our laboratories have also demonstrated that spinal
ol receptor-mediated nociceptive action is associated with
Ca*-dependent second-messenger cascades including PLC
and PKC (Roh et al., 2008b; 2010), which are also known
to be closely linked to an increase in [Ca®]; in astrocytes.
These findings suggest that the increased expression or

up-regulation of 1 receptors in CCI animals occurs primarily
in spinal cord astrocytes and thus they can regulate a variety
of cellular functions via [Ca*]; modulation in these glial cells.
Conversely, there are several reports that 61 receptors are also
located in motor neurons of spinal cord ventral horn
(Mavlyutov et al., 2010; Mancuso et al., 2012) and that o1
receptor mRNA is found in cultured microglial cells (Gekker
et al., 2006) and that 61 receptors are present in retinal micro-
glia (Zhao et al., 2014) as well as brain astrocytes (Francardo
et al., 2014). Clearly, there are some discrepancies among the
various studies with regard to which cell types express o1
receptors and this could be due to the use of different animal
species (mouse versus rat versus human) and to the use of
different o1 receptor antibodies. It is also likely that the
pattern of cellular distribution of c1 receptors may different
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under different physiological or pathological conditions and
among different animal models of disease or pain. However,
in the mouse CCI model used here, the only significant
change in 61 receptor expression occurred in astrocytes in the
spinal cord dorsal horn.

The present study verified that sustained i.t. injection of a
o1 receptor antagonist reduced the CCl-induced increase in
GFAP expression as well as the induction of MA. We have
previously shown that i.t. injection of the BD-1047 blocked
both MA and increases in spinal NMDA receptor GluN
subunitl (GluN1) expression and phosphorylation during
the induction phase in CCI rats (Roh et al., 2008c). We also
reported that spinal 61 receptor-induced sensitization is
mediated by an increase in neuronal NOS, which is associated
with an NO-induced increase in PKC-dependent phosphor-
ylated GIluN1 (pGluN1) expression (Roh etal., 2011).
However, it is currently unclear if and how o1 receptors in
astrocytes modulate pGluN1 expression in neurons. One pos-
sibility is that o1 receptor activation in astrocytes may release
proinflammatory cytokines (such as IL-1fB) or chemokines
[monocyte chemoattractant protein-1 (MCP-1)], and that
these indirectly mediate NMDA receptor activation in
neurons. It is known that activated astrocytes can release
IL-18 and MCP-1 after nerve injury (Guo et al., 2007; Gao
et al., 2009; Zhang et al., 2011a). Several recent studies show
that IL-1 receptors colocalize with the GIuN1 subunits in
neurons of the spinal cord, and IL-18 may bind to its IL-1
receptor to enhance the pGluN1, which ultimately facilitates
pain behaviours in inflammatory or bone cancer pain (Guo
et al., 2007; Zhang et al., 2008a,b). In addition, MCP-1 also
rapidly enhances NMDA-induced inward currents, which has
been strongly implicated in central sensitization and hyper-
algesia (Gao et al., 2009; Gao and Ji, 2010Db). It is possible that
the effect of the o1 receptor antagonist is mediated by the
inhibition of cytokines or chemokines via the modulation of
astrocyte activation; however, the precise mechanism of ol
receptor’s action in spinal cord astrocytes must be deter-
mined in future studies.

The present study shows that i.t. treatment with the
astroglial inhibitor, fluorocitrate, as well as the o1 receptor
antagonist, BD-1047, given during the induction phase of
neuropathic pain, significantly reduced the development
of MA, but not TH, in CCI mice. Interestingly, low doses of
fluorocitrate produced synergic suppressive effects on MA
development when combined with low doses of BD-1047 or
the p38 inhibitor, SB203580. In addition, the CCIl-induced
increase in GFAP expression was significantly reduced when
BD-1047 or SB203580 were injected intrathecally during the
induction phase. Recently, several studies have also reported
that spinal astrocytes can directly contribute to the develop-
ment of MA, but not TH in various pain conditions. GAO et al.
reported that i.t. administration of the L-a-aminoadipate on
post-CFA day 2 reversed CFA-induced bilateral MA, but not
TH (Gao and Ji, 2010a). They also reported that spinal i.t.
injection of TNF-o-activated astrocytes produce MA by releas-
ing MCP-1 in naive mice (Gao et al., 2010c). In addition,
Zhang et al. reported that MA can be induced by the i.t.
administration of exogenous brain-derived neurotrophic
factor-stimulated astrocytes to naive rats (Zhang et al., 2011b).
Furthermore, a single i.t. injection of spinal astrocytes acti-
vated by a PKC activator failed to produce TH in naive mice,
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while i.t. injection of a microglia cell line activated by ATP
significantly decreased paw withdrawal latency to a thermal
stimulus (Narita et al., 2006). These results imply that the
spinal o1 receptors can modulate astrocyte activation via
phosphorylation of p38 and contribute to the development of
MA, but not TH in neuropathic mice.

Finally, we found that the activation of p38 occurs pre-
dominantly in both spinal dorsal horn neurons and astro-
cytes and that i.t. treatment with a 61 receptor antagonist
during the induction phase significantly reduced p-p38
expression in astrocytes, but not in neurons. Although many
studies using chronic pain models in rats have reported that
p38 is activated exclusively in microglia (Tsuda et al., 2004;
Terayama etal., 2008, Wen etal.,, 2009), we found that
p-p38-ir staining was preferentially localized to the nucleus of
GFAP-positive astrocytes and NeuN-positive neurons. These
results are in line with several studies using chronic pain
models in mice. Xu et al. reported p38 was activated in the
nucleus of astrocytes or neurons, but that there was no evi-
dence of p-p38 staining in microglia, after partial sciatic nerve
ligation (pSNL) in lumbar spinal sections in mice (Xu et al.,
2007). They reported that multiple i.t. injections of a p38
inhibitor reduced spinal astrocyte proliferation after pSNL.
Zhang et al. also reported recently that the inhibitory effect of
TNFa on GABAergic neurons is mediated by p-p38, which is
expressed in neurons and astrocytes (Zhang et al., 2010). The
expression of TNF receptor 1 and p-38 in spinal astrocytes
suggests that astrocytes are involved in the TNF-a-induced
spinal disinhibition. Collectively, these results together with
our data suggest that the p38 pathway may play an important
role in astrocyte modulation and the subsequent induction of
MA under chronic pain conditions. Moreover, the fact that
i.t. BD-1047 injection specifically inhibited p-p38 expression
in astrocytes, but not neurons, provides evidence that fur-
thers our understanding of the possible relationship between
p-p38 modulation and the cellular distribution of c1 recep-
tors in the spinal cord.

In addition, it was previously reported that p38 has at
least four different isoforms, o, B, yand §, which differ in their
substrate preference, activation modes and response to
inhibitors (Kumar et al., 2003). The conventional p38 inhibi-
tor, SB203580 non-selectively inhibits both p38c and p38p2
(Barone et al., 2001). In addition, among the four isoforms,
p38a and p38p are constitutively expressed in the spinal cord
(Svensson et al., 2005). Svensson et al. also demonstrated that
intraplantar formalin and i.t. substance P in rats produced
nocifensive flinching and p-p38 expression, and this was
prevented when spinal p38f3, but not p38c, was down-
regulated. Meanwhile, in mouse brain, both p38a and p38p3
are present in neurons, while p38p is also expressed in glial
cells (Lee et al., 2000). Thus, this diversity in the pattern of
p-p38 subtype expression might reflect the fact that p38 sub-
types can be differentially activated under a variety of pain
conditions. Thus, it is possible that the different p-p38 sub-
types, especially p38a and p38, are differentially distributed
in the spinal cord dorsal horn in CCI mice and affected
differentially by o1 receptor activation.

In conclusion, the current study has demonstrated that
i.t. treatment with a 61 receptor antagonist during the induc-
tion phase of CCl-induced neuropathic pain significantly
reduces the CCl-induced pathological activation of astrocytes



in the spinal cord dorsal horn. Moreover, this effect of a 1
receptor antagonist on spinal astrocyte activation is mediated
in part by the inhibition of p-p38, which can dramatically
suppress the induction of MA, but not TH, in neuropathic
mice. Collectively, these findings suggest that the pharmaco-
logical inhibition of spinal o1 receptors may be a useful
approach for the management of astrocyte-mediated MA
development in neuropathic pain patients.
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