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ABSTRACT 
 

Study for the mechanism underlying 

spinal astrocyte sigma-1 receptor-

mediated GluN1 phosphorylation in the 

development of neuropathic pain 

 

Sheu-Ran Choi 

Major in Veterinary Biomedical Sciences 

Department of Veterinary Medicine 

The Graduate School 

Seoul National University 

 

Damage to the peripheral nerves can lead to the development of neuropathic pain, 

which causes considerable suffering and distress to these patients and is associated 

with several diagnostic symptoms including mechanical allodynia (MA, sensation of 

pain to non-noxious mechanical stimuli) and thermal hyperalgesia (TH, increased pain 

response to noxious thermal stimuli). The development of peripheral neuropathic pain 

involves a variety of pathophysiological mechanisms in both the peripheral and 

central nervous systems. In this regard, spinal N-methyl-D-aspartate (NMDA) 

receptors have been shown to play a key role in the development of ‘central 

sensitization’, a phenomenon in which nociceptive inputs to the dorsal horn increase 

the excitability and synaptic efficacy of neurons in spinal pain pathways. In our 

previous study, activation of spinal sigma-1 receptors (Sig-1Rs) contributes to the 
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functional potentiation of NMDA receptors via increases in phosphorylation of GluN1 

subunit (pGluN1). However, the precise cellular mechanisms underlying Sig-1Rs-

related neuropathic pain are not investigated. 

The present study was designed to investigate whether: (1) neuronal nitric oxide 

synthase (nNOS)-induced nitric oxide (NO) mediates Sig-1R-induced increase in 

spinal pGluN1 expression in pain hypersensitivity and activation of Sig-1R results in a 

time-dependent modification of nNOS activity in the dorsal horn; (2) Sig-1R 

modulation of astrocytic D-serine plays an important role in increasing pGluN1 

expression via nNOS activation and that this pathway contributes to the development 

of persistent neuropathic pain induced by peripheral nerve injury; and finally (3) 

spinal Sig-1Rs modulate the production of reactive oxygen species (ROS) via 

activation of NADPH oxidase 2 (Nox2) as a downstream of nNOS/NO signaling, 

ultimately leading to the development of chronic neuropathic pain. 

All experiments were performed on Male ICR mice and Sprague-Dawley rats. 

Neuropathic pain was produced by chronic constriction injury (CCI) of the common 

sciatic nerve according to the method described by Bennett and Xie with a minor 

modification. Sensitization to innocuous mechanical stimulation (mechanical 

allodynia, MA) was examined using the 0.16 g or 2.0 g von Frey filament, and 

sensitization to noxious heat stimulation (thermal hyperalgesia, TH) was examined 

with the hot-plate apparatus or plantar analgesia meter. In the present study, the 

following drugs were used: PRE084 (a Sig-1R agonist), BD1047 (a Sig-1R 

antagonist), L-NAME (a non-specific NOS inhibitor), 7-nitroindazole (a specific 

nNOS inhibitor), ODQ (a sGC inhibitor), cyclosporin A (a calcineurin inhibitor), 

NMDA (a NMDA receptor agonist), D-serine, LSOS (a Srr inhibitor), DAAO (an 

endogenous D-serine degrading enzyme), fluorocitrate (an astrocyte metabolic 
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inhibitor), chelerythrine (a PKC inhibitor), PKI (a PKA inhibitor), NAC (a ROS 

scavenger) and apocynin (a NADPH oxidase inhibitor). All drugs were administrated 

intrathecally. Immunohistochemistry, DHE staining, NADPH-diaphorase staining, 

NO detection, Western blot assay and co-immunoprecipitation were performed 

according to each experiment procedure. The image analysis and statistical analysis 

were performed using a computer-assisted image analysis system (Metamorph) and a 

Prism 5.0 (Graph Pad Software), respectively. 

Intrathecal (i.t.) injection of Sig-1R agonist, PRE084 significantly evoked 

mechanical and thermal hypersensitivity, and increased the number of PKC-dependent 

pGluN1-ir cells in spinal cord. The PRE084-induced hypersensitivity and increase in 

PKC-dependent pGluN1 expression were significantly blocked by pretreatment with 

L-NAME or 7-nitroindazole. I.t. administration with PRE084 time-dependently 

decreased the ratio of phosphorylated nNOS (pnNOS) to nNOS expression and the 

number of spinal pnNOS-ir cells. This decrease in the pnNOS form was prevented by 

BD1047, a Sig-1R antagonist and cyclosporin A, a calcineurin inhibitor, but not by a 

sGC inhibitor. 

I.t. administration with the D-serine degrading enzyme, DAAO attenuated the 

facilitation of NMDA-induced pain behaviors induced by PRE084. Exogenous D-

serine facilitates NMDA-induced nociception and increases PKC-dependent pGluN1 

expression, which was attenuated by preteatment with the nNOS inhibitor, 7-

nitroindazole. In CCI mice, i.t. administration with exogenous D-serine during the 

induction phase of neuropathic pain restored MA and PKC-dependent pGluN1 

suppressed by BD1047. Furthermore, administration with the serine racemase 

inhibitor, LSOS or DAAO suppressed CCI-induced MA, pGluN1, nNOS activation 

and NO production. I.t. administration with 7-nitroindazole or the sGC inhibitor, ODQ 
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also attenuated CCI-induced MA and pGluN1. By contrast, D-serine and nNOS 

signaling had no effect on CCI-induced TH or GluN1 expression. 

Sig-1R-induced pain hypersensitivity was dose-dependently attenuated by 

pretreatment with the ROS scavenger, NAC or the Nox inhibitor, apocynin. PRE084 

also induced an increase in Nox2 activation and ROS production, which were 

attenuated by pretreatment with BD1047, apocynin, or 7-nitroindazole. CCI-induced 

nerve injury produced an increase in Nox2 activation and ROS production in the 

spinal cord, all of which were attenuated by i.t. administration with BD1047 during 

the induction phase of neuropathic pain. Furthermore, administration with BD1047 or 

apocynin reversed CCI-induced increase in pGluN1 expression and MA during the 

induction phase, but not the maintenance phase. 

The present study demonstrates that Sig-1R modulation of astrocytic D-serine 

plays an important role in potentiating NMDA receptor function via increase in PKC-

dependent phosphorylation of GluN1 subunit and that this pathway contributes to the 

development of persistent neuropathic pain. In addition, nNOS activation mediates the 

role of D-serine and has pro-oxidant effects in the CNS via modulation of Nox2 

activity and concomitant ROS production, leading to modulate persistent pain. 

Collectively, these findings demonstrate that spinal Sig-1R activation plays a key role 

in the development of neuropathic pain induced by peripheral nerve injury, and Sig-

1Rs could be a useful therapeutic target for alleviating mechanical allodynia under the 

neuropathic pain conditions. 

____________________________________________________________________ 

Key words: sigma-1 receptor, nNOS, Nox2, D-serine, neuropathic pain, astrocyte, 

GluN1 

Student number: 2009-21641  
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BACKGROUND 

Neuropathic pain 

The development of neuropathic pain can be induced by damage to the spinal 

cord or peripheral nerves, which causes several diagnostic symptoms including 

mechanical allodynia (sensation of pain to non-noxious mechanical stimuli) and 

thermal hyperalgesia (increased pain response to noxious thermal stimuli) (Woolf and 

Mannion, 1999). Neuropathic pain is clinically important because the pain is often 

refractory to treatment. This is due in part to the significant convergence of the 

pathological, physiological and inflammatory processes that maintain the neuropathic 

pain state. A better understanding of the mechanisms that contribute to the neuropathic 

pain is required in order to develop proper therapeutic targets to treat neuropathic pain. 

 

Central sensitization 

It has been demonstrated that diverse pathophysiological mechanisms in both the 

peripheral and central nervous systems are involved in the development of peripheral 

neuropathic pain (Baron, 2006). Especially, abnormal activation of spinal N-methyl-

D-aspartate (NMDA) receptors has been known to play a key role in the development 

of ‘central sensitization’, a phenomenon in which nociceptive inputs to the dorsal horn 

increase the excitability and synaptic efficacy of neurons in spinal nociceptive 

pathways (Woolf, 1983; Woolf and Mannion, 1999). Chen et al. suggested that 

phosphorylation of the NMDA receptor GluN1 subunit (pGluN1) at serine and 

threonine residues can increase neuronal excitability by reducing the Mg2+ block and 

by increasing the probability of channel openings (Chen et al., 1992). Regarding our 

previous studies showing that peripheral nerve injury not only induces the 
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development of pain but also increases spinal pGluN1 expression, the functional 

potentiation of NMDA receptor activity via the increased pGluN1 expression in spinal 

cord can be a critical mechanism underlying the development of neuropathic pain. 

However, the precise cellular mechanisms by which pGluN1 expression increases 

under the neuropathic pain condition are not clearly investigated. 

 

Sigma-1 receptor 

The sigma-1 receptor (Sig-1R) has recently been identified as a unique ligand-

regulated molecular chaperone in the endoplasmic reticulum (ER) of cells, and has 

been implicated in diverse pathophysiological diseases including pain (Alonso et al., 

2000; Collier et al., 2007; Maurice and Su, 2009; Su and Hayashi, 2003). Previous 

studies from our laboratories have demonstrated that the spinal Sig-1R activation 

plays an important role in formalin-induced pain and chronic constriction injury 

(CCI)-induced neuropathic pain (Kim et al., 2006; Roh et al., 2008b). Furthermore, 

intrathecal (i.t.) injection of Sig-1R agonists induces pain hypersensitivity, which is 

closely associated with calcium-dependent second messenger cascades including 

protein kinase C (PKC) and PKC-dependent pGluN1 expression in spinal cord (Roh 

et al., 2011; Roh et al., 2008a; Roh et al., 2010). Despite this work, the precise 

mechanisms underlying Sig-1R-related pain induction and its alteration of cellular 

activity including pGluN1 remains to be fully examined.   

 

Neuronal NOS 

Nitric oxide (NO) is generated from L-arginine and molecular oxygen by the 

activity of three distinct nitric oxide synthase (NOS) isoforms: neuronal NOS (nNOS), 

inducible NOS (iNOS), and endothelial NOS (eNOS) (Palmer et al., 1988). 
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Importantly NO plays a critical role in modulating synaptic transmission in both the 

central and peripheral nervous system (Meller and Gebhart, 1993). It has been well 

demonstrated that NO produced by nNOS in spinal cord participates in the early 

induction (Levy and Zochodne, 2004) and/or the maintenance of neuropathic pain (Xu 

et al., 2007). In addition, the physical association of nNOS and the NMDA receptor 

with postsynaptic density protein-95 (PSD-95) through their specialized PDZ domains 

helps to explain the preferential link between NMDA receptors and NO production 

(Brenman et al., 1996; Garthwaite, 2008). These findings raised the possibility that the 

action of spinal Sig-1R on NMDA receptor function (pGluN1 modulation) could be 

closely associated with nNOS activation in spinal cord leading to increased 

production of NO. 

   

D-serine 

D-serine is an endogenous ligand for the glycine site of the NMDA receptors, 

which can closely modulate functional activity of NMDA receptors (Mothet et al., 

2000). D-serine is generated from L-serine by the activity of serine racemase (Srr) and 

this biosynthesizing enzyme is expressed exclusively in astrocytes (Wolosker et al., 

1999). Recent reports suggest that D-serine plays an important role as a gliotransmitter, 

which upon release from astrocytes activates NMDA receptors on postsynaptic 

neurons contributing to the processing of nociceptive transmission in the spinal cord 

dorsal horn (Lefèvre et al., 2015; Miraucourt et al., 2011). This is consistent with our 

previous results showing that i.t. administration of the Srr inhibitor, LSOS or the D-

serine degrading enzyme, DAAO significantly suppresses the development of 

mechanical allodynia (MA) in CCI mice (Moon et al., 2015). Although it has been 

documented that spinal D-serine activates NMDA receptor, there is limited 
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understanding of the cellular mechanisms involved in the induction of persistent pain 

by endogenous D-serine. Since Sig-1R activation can increase the production of D-

serine via modulation of the Srr expression (Moon et al., 2005), there is a possibility 

that the Sig-1R-induced increase in D-serine may be involved in the functional 

potentiation of NMDA receptors, which underlies the development of MA in CCI 

mice. 

 

NADPH oxidase 

Reactive oxygen species (ROS) are molecules and ions of oxygen that have an 

unpaired electron, rendering them extremely reactive. Thus, they interact with a large 

number of molecules leading to alterations in the function of the target molecules 

(Bedard and Krause, 2007). ROS have been suggested as important modulators of 

persistent pain, including neuropathic and capsaicin-induced inflammatory pain, and 

they have also been implicated in NMDA receptor activation via enhancement of 

spinal pGluN1s, which is an essential step in central sensitization (Gao et al., 2007; 

Kim et al., 2004; Schwartz et al., 2008). Recent studies suggest that NADPH oxidase 

(Nox) is the first identified enzyme system that generates ROS as its primary function 

and is also important during pain sensitization (Bedard and Krause, 2007; Kallenborn-

Gerhardt et al., 2012). Among several homologs of Nox identified so far, Nox2 

activation can be induced by elevated intracellular Ca2+ concentration and the 

activation of Ca2+-activated protein kinases, particularly PKC, which plays a critical 

role in Nox2 activation (Raad et al., 2009). As previously described, spinal Sig-1R 

activation modulates intracellular Ca2+ signaling by promoting the efflux of Ca2+ into 

the cytoplasm, leading to an increase in PKC activity, which results in potentiation of 

NMDA receptor function (Monnet, 2005; Roh et al., 2008). Although it has been 
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documented that Sig-1R activation in the spinal cord mediates induction of the 

chronic neuropathic pain after peripheral nerve injury, there is limited understanding 

of the cellular mechanisms relating to Sig-1R-mediated pain facilitation. Moreover, it 

has been suggested that Nox2 activation is related to pain sensitization, but the 

receptor or upstream signaling involved in the modulation of spinal Nox2 activation is 

poorly understood, particularly in the case of nociceptive signaling. 
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OBJECTIVES 

This study is aimed to 

1. examine whether: (1) intrathecal nNOS inhibitor injection reduced Sig-1R-

induced mechanical and thermal hypersensitivity and the increase in spinal 

pGluN1-immunoreactive (ir) cells; (2) activation of Sig-1R results in a time-

dependent modification of nNOS activity in the dorsal horn; and (3) this 

change in nNOS activity is blocked by Sig-1R, calcineurin or soluble 

guanylyl cyclase (sGC) inhibitor, respectively. 

 

2. examine whether: (1) the Sig-1R-induced facilitative effect on NMDA-

induced nociception is mediated by D-serine; (2) D-serine modulates spinal 

PKC-dependent (Ser896) pGluN1 expression, which accounts for the 

potentiation of NMDA receptor function; and (3) the nNOS/NO signaling 

cascade mediates the effect of D-serine on the increase in pGluN1 expression 

and development of peripheral neuropathic pain. 

 

3. examine whether: (1) direct activation of the spinal Sig-1R using the agonist, 

PRE084 in naïve mice induces Nox2 activation and ROS production; (2) 

pretreatment with the ROS scavenger, NAC or with the Nox inhibitor, 

apocynin reduces Sig-1R-induced pain hypersensitivity; (3) CCI in sciatic 

nerve induces spinal cord Nox2 activation and accompanying ROS 

production, which contributes to the CCI-induced increase in pGluN1 

expression and induction of the neuropathic pain in rats; and (4) these CCI-

induced changes are inhibited by time-dependent administration of BD1047. 
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ABSTRACT 

It has been demonstrated that activation of the spinal sigma-1 receptor (Sig-1R) 

induced mechanical and thermal hypersensitivity via calcium-dependent second 

messenger cascades and phosphorylation of the spinal NMDA receptor GluN1 subunit 

(pGluN1). Here, the role of NO in this process is examined, since it plays a critical 

role in PKC-mediated calcium signaling and the potentiation of NMDA receptor 

function. The present study was designed to determine whether (1) intrathecal nNOS 

inhibitor injection reduced Sig-1R-induced mechanical and thermal hypersensitivity 

and the increase in spinal pGluN1-immunoreactive (ir) cells, (2) activation of Sig-1R 

results in a time-dependent modification of nNOS activity in the dorsal horn, and (3) 

this change in nNOS activity is blocked by Sig-1R, calcineurin or a soluble guanylyl 

cyclase (sGC) inhibitors, respectively. Intrathecal injection of Sig-1R agonist, PRE084 

significantly evoked mechanical and thermal hypersensitivity, and increased the 

number of PKC and PKA-dependent pGluN1-ir cells in spinal cord. The PRE084-

induced hypersensitivity and increase in PKC-dependent pGluN1 expression were 

significantly blocked by pretreatment with L-NAME or 7-NI. Intrathecal PRE084 

time-dependently decreased the ratio of phosphorylated nNOS (pnNOS) to nNOS 

expression and the number of spinal pnNOS-ir cells. This decrease in the pnNOS 

form was prevented by BD1047, a Sig-1R antagonist and cyclosporin A, a calcineurin 

inhibitor, but not by a sGC inhibitor. These findings demonstrate that spinal Sig-1R-

induced sensitization is mediated by an increase in nNOS activity, which is associated 

with an NO-induced increase in PKC-dependent pGluN1 expression. 
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INTRODUCTION 

The sigma-1 receptor (Sig-1R) has recently been identified as a unique ligand-

regulated molecular chaperone in the endoplasmic reticulum of cells, and has been 

implicated in a myriad of cellular functions and biological processes (Collier et al., 

2007; Maurice and Su, 2009). Previous studies from our laboratories have 

demonstrated that the spinal Sig-1R plays a pro-nociceptive role in formalin-induced 

pain (Kim et al., 2006), and that the direct activation of spinal Sig-1R using intrathecal 

(i.t.) injection of agonists enhances the response to peripheral mechanical stimuli, 

which is closely associated with calcium-dependent second messenger cascades 

including protein kinase C (PKC) (Roh et al., 2008a; Roh et al., 2010). In addition, it 

has been shown that the activation of Sig-1R increases PKC- and PKA-dependent 

phosphorylation of the NMDA receptor GluN1 subunit (pGluN1) in the spinal cord 

dorsal horn, which results in the potentiation of i.t. NMDA injection-evoked 

spontaneous pain behavior (Kim et al., 2008). Moreover, several studies including a 

previous investigation from our laboratories have shown that the blockade of spinal 

Sig-1R using i.t. injection of the Sig-1R antagonist, BD1047 or using Sig-1R 

knockout mice reduces the development of neuropathic pain and blocks the nerve 

injury-induced increase of phosphorylation of extracellular signal-regulated kinase as 

well as pGluN1 in the spinal dorsal horn (de la Puente et al., 2009; Roh et al., 2008b). 

Despite this work, the precise mechanisms underlying Sig-1R-mediated pain 

induction and its alteration of cellular activity including pGluN1 remains to be fully 

examined. 

Nitric oxide (NO) is generated from L-arginine and molecular oxygen by the 

activity of three distinct nitric oxide synthase (NOS) isoforms: neuronal NOS (nNOS), 
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inducible NOS (iNOS), and endothelial NOS (eNOS) (Palmer et al., 1988). 

Importantly NO plays a critical role in modulating synaptic transmission in both the 

central and peripheral nervous system (Meller and Gebhart, 1993). It has been well 

demonstrated that NO produced by nNOS in spinal cord participates in the early 

induction (Levy and Zochodne, 2004) and/or the maintenance of neuropathic pain (Xu 

et al., 2007). In addition, the physical association of nNOS and the NMDA receptor 

with postsynaptic density protein-95 (PSD-95) through their specialized PDZ domains 

helps to explain the preferential link between NMDA receptors and NO production 

(Brenman et al., 1996; Garthwaite, 2008). These findings raised the possibility that the 

action of spinal Sig-1R on NMDA receptor function (pGluN1 modulation) could be 

closely associated with nNOS activation in spinal cord leading to increased 

production of NO. 

In terms of potential mechanisms by which Sig-1R might potentiate NO, it is 

known that nNOS possesses several putative sites for phosphorylation in relation to 

the regulation by Ca2+/calmodulin (Ca2+/CAM). This phosphorylation is regulated by 

some kinases and phosphatases, for example, PKA, PKC, PKG, Ca2+/CAM-dependent 

protein kinase II (CaMKII), phosphatase I, which can affect nNOS activity differently 

by phosphorylation at separate sites on the nNOS isoform or by differential effects on 

phosphorylation at the same site (Garthwaite, 2008; Zhou and Zhu, 2009). In this 

regard, CaMKII phosphorylates nNOS at Ser847, which reduces nNOS activity by 

inhibiting Ca2+/CaM binding. In contrast, protein phosphatase 1 decreases the level of 

phosphorylation of nNOS (pnNOS) at Ser847, leading to an increase of nNOS activity 

(Rameau et al., 2004; Zhou and Zhu, 2009). These results imply that the decrease in 

pnNOS possibly represents an increase in nNOS activity, which subsequently induces 

up-regulation of NO production. Although it was well documented that the increase of 
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pnNOS at Ser847 results in a neuroprotective effect during cerebral ischemia (Osuka 

et al., 2002; Zhou et al., 2008), the potential effect of changes in pnNOS on pain 

modulation in the spinal cord, particularly in relation to Sig-1R-induced mechanical 

and thermal hypersensitivity, has not been examined.  

In this regard, the present study was designed to investigate the potential 

relationship between Sig-1R-induced mechanical and thermal hypersensitivity and 

NO signaling via nNOS activation in spinal cord. Thus, it was examined whether (1) 

i.t. pretreatment with an nNOS inhibitor could reduce Sig-1R-mediated pain induction 

by affecting the Sig-1R produced PKC- and PKA-dependent increase in spinal 

pGluN1-ir cells, (2) the activation of Sig-1R results in a time-dependent modification 

of nNOS activity (i.e. a decrease in pnNOS or a reduction of nNOS linked to PSD-95) 

in the spinal cord dorsal horn, and (3) this change in nNOS activity could be blocked 

by i.t. preadministration of a Sig-1R antagonist, a calcineurin inhibitor or a soluble 

guanylyl cyclase (sGC) inhibitor, respectively.  
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MATERIALS AND METHODS 

Experimental animals 

Male ICR mice (20-25g) were purchased from the Laboratory Animal Center of 

Seoul National University (Seoul, Republic of 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 prior to beginning 

an experiment. The experimental protocols for animal usage were reviewed and 

approved by the SNU Animal Care and Use Committee and were consistent with the 

Guide for the Care and Use of Laboratory Animals published by the US National 

Institutes of Health (NIH publication No. 96-01, revised 1996). 

 

Drugs and intrathecal (i.t.) administration 

The following drugs were used: 2-(4-morpholinethyl)1-

phenylcyclohexanecarboxylate (PRE084; PRE, 3 nmol), a sigma-1 receptor agonist; 

N-[2-(3,4-dichlorophenyl)ethyl]-N-methyl-2-(dimethylamino) ethylamine dihydro-

bromide (BD1047; BD, 100 nmol), a sigma-1 receptor antagonist; N(G)-nitro-L-

arginine methyl ester (L-NAME, 3, 10 and 100 nmol), a non-specific NOS inhibitor; 

7-Nitroindazole (7-NI, 10, 100 and 200 nmol), a specific nNOS inhibitor; Cyclosporin 

A (CsA, 20 nmol), a calcineurin inhibitor; 1H-[1,2,4]-oxadiazolo [4,3-a] quinoxalin-1-

one (ODQ, 300 pmol), a sGC inhibitor. L-NAME, 7-NI, CsA and ODQ were supplied 

by Sigma–Aldrich (St. Louis, MO). PRE and BD were supplied by Tocris Cookson 

Ltd. (Bristol, UK). The doses of PRE and BD used were based on our previous study 

showing that these doses produce maximal effects with no detectable side-effects 

(Roh et al., 2008a). The doses of L-NAME, 7-NI, CsA and ODQ were selected based 
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on doses previously used in the literature including our previous study (Chu et al., 

2005; Karlsson et al., 2004; Tanabe et al., 2009; Yoon et al., 2008). PRE, BD, L-

NAME, and ODQ were dissolved in physiological saline, and 7-NI and CsA were 

dissolved in 5% DMSO, then, diluted in Corn oil. All drugs were administered 10 

minutes before PRE. Paw withdrawal responses to von Frey stimulation and heat 

stimuli (see below) were measured before and 30, 60, and 120 min after treatment 

with PRE (or saline) in all groups of mice. Drugs were dissolved in 5 µl of vehicle and 

administrated intrathecally. 

Intrathecal (i.t.) drug administration was performed using a 50 μl Hamilton 

syringe connected to a 30-gauge needle based on the technique previously described 

by Hylden and Wilcox (1980). Briefly, the mouse was held tightly between the thumb 

and middle finger at the level of the both iliac crests, and the fifth lumbar spinous 

process was palpated with the index finger. The needle was inserted through the 

vertebral column into the L5-6 intervertebral space and successful insertion of the 

needle into the intrathecal space was determined by a tail flick response. Each drug 

was slowly injected over a 10 second period. Then, the needle was carefully removed 

from the spinal cord. The drug control groups received an identical injection of 

vehicle without drug. 

 

Behavioral assessments  

Sensitization to innocuous mechanical stimulation (mechanical allodynia) was 

examined with von Frey filaments (North Coast Medical, Morgan Hill, CA) as 

described in our previous study (Roh et al., 2008a). Based on this study, the 0.16 g 

von Frey filament was selected for testing. This von Frey filament was applied from 

underneath the metal mesh flooring to each hind paw. The filament was applied 10 
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times to each paw with each application separated by 10 sec intervals. The number of 

paw withdrawal responses following each von Frey stimulus was then counted. The 

results of mechanical response testing in each experimental animal were expressed as 

a percent withdrawal response frequency (PWF, %), which represented the percentage 

of paw withdrawals out of a maximum of 20 (right hind paw-10 and left hind paw-10). 

Sensitization to noxious heat stimulation (thermal hyperalgesia) was examined 

with a hot-plate apparatus (Model-35100, Ugo Basile, Comerio, Italy) (Duman et al., 

2006; Milano et al., 2008). The temperature of plate was maintained at 55 ± 0.5 °C. 

Animals were placed into an acrylic cylinder (20 cm in diameter, 25 cm high) on the 

heated surface, and the time (in seconds) between placement and shaking or licking or 

lifting of their hind paws or jumping (whichever occurred first), was recorded as the 

paw withdrawal latency (PWL, sec). Baseline withdrawal latency (8-12 sec) was 

determined before experimental treatment. The withdrawal latency was then measured 

30, 60, and 120 min after treatment with PRE (or saline) in each experimental animal. 

The test was duplicated in each animal, and the mean latency was calculated. Cutoff 

time in the absence of a response was set at 20 sec to minimize tissue damage. 

 

Paw pinch-induced spinal Fos expression  

In another set of experiments, it was quantified the number of Fos-ir cells in the 

spinal cord dorsal horn induced by a paw pinch stimulus and examined the effect of i.t. 

injection of drugs on this expression. Mice were anesthetized with 3% isoflurane in a 

mixture of N2O/O2 gas before application of the paw pinch to avoid any potential 

stress response or escape response. The right hind paw was pinched with a hemostatic 

forceps for 10 min (Lee et al., 1992; Roh et al., 2008a). Eight experimental groups 
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were as follows: 1) anesthesia only, 2) PRE only (no pinch stimulation), 3) paw pinch, 

4) PRE (3 nmol) + pinch, 5) L-NAME (100 nmol) + PRE + pinch, 6) L-NAME (100 

nmol) + pinch, 7) 7-NI (100 nmol) + PRE + pinch, and 8) 7-NI (100 nmol) + pinch. 

The PRE was administered 30 min before pinch stimulation (Roh et al., 2008a), and 

L-NAME and 7-NI were administered 10 min before i.t. PRE injection. 

Two hours after paw-pinch stimulation, the mice were humanely killed and 

perfused with fixative, and Fos immunohistochemical staining was subsequently 

performed on spinal cord sections according to the method detailed in our previous 

reports (Kwon et al., 2001; Roh et al., 2008a). After postfixation and cryoprotection, a 

series of frozen sections (40 μm thickness) were cut through the L4–6 segments of the 

spinal cord and processed for Fos immunohistochemistry as previously described 

(Roh et al., 2008a). 

 

Western blot assay 

Mice were deeply anesthetized with 3% isoflurane in a mixture of N2O/O2 gas at 

one time point before and at several time points (30, 60 and 120 min) after i.t. 

injection of PRE (3 nmol) to determine the time-dependent effect of Sig-1R activation 

on the change in pnNOS to nNOS expression using immunoblot analysis (n = 5 mice / 

group). Animals were perfused transcardially with calcium-free Tyrode's solution and 

then the spinal cords were collected into an ice-cooled, saline-filled glass dish. Spinal 

segments were separated into left and right halves under a neuro-surgical microscope. 

The spinal cord was subsequently further subdivided into dorsal and ventral halves by 

cutting straight across from the central canal laterally to a midpoint in the white matter. 

The right and left spinal cord dorsal horns were subsequently used for Western blot 
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analysis. The L4-6 spinal cord dorsal segments were homogenized in lysis buffer (20 

mM Tris-HCl, 10 mM EGTA, 2 mM EDTA, pH 7.4 and proteinase inhibitors) 

containing 1% Triton X-100. Homogenates were subsequently centrifuged at 15,000 

rpm for 40 minutes at 4°C and, then, the supernatant was used for Western blot 

analysis. The protein concentration was estimated by the Bradford dye assay (Bio-Rad 

Laboratories). Spinal cord homogenates (20 µg protein) were separated using 10% 

SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membrane. 

After the blots had been washed with TBST (10 mM Tris-HCl, pH 7.6, 150 mM NaCl 

and 0.05% Tween-20), the membranes were blocked with 5% skimmed milk for 1 h at 

RT and incubated at 4°C overnight with a primary antibody specific for β-actin (1:1k, 

loading control, Sigma), nNOS (1:1k, cat# 610311, BD Biosciences, San Jose, CA) or 

for pnNOS (1:1k, cat# ab16650, Abcam Inc., Cambridge, MA; this antibody is 

specific for mouse nNOS phosphorylated on serine 847). The membranes were 

washed and primary antibodies were detected using goat anti-rabbit IgG conjugated to 

horseradish peroxidase. The bands were visualized with enhanced chemiluminescence 

(Amersham Pharmacia Biotech, England, UK). The positive pixel area of specific 

bands was measured with a computer-assisted image analysis system and normalized 

against the corresponding β-actin loading control bands. Then the ratio of pnNOS 

(Ser847) to nNOS expression was calculated. The mean value of the ratio of pnNOS 

to nNOS expression in animals prior to PRE injection (0 min) was set at 100%. Thus, 

the % change in pnNOS to nNOS expression in each time-point group was examined.  

 

Co-immunoprecipitation 

Interaction of nNOS with PSD-95 in spinal dorsal horn was analyzed by 
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immunoprecipitation and Western blotting (n = 3 mice / group). Tissue homogenates 

were lysed with lysis buffer (1% Triton X-100 in 50 mM Tris-HCl [pH 7.4] that 

contained 150 mM NaCl, 5 mM EDTA, 2 mM Na3VO4, 2.5 mM Na4PO7, 100 mM 

NaF, 200 nM microcystin-lysine-arginine, and protease inhibitors) and the tissue 

lysates (300 μg) were mixed with 10 μg of rabbit anti-nNOS antibody (BD 

Biosciences). The samples were incubated for 4 h, mixed with Protein A/G PLUS-

agarose immunoprecipitation reagent (Pierce, Rockford, IL), and then incubated for 

an additional 12 h. The beads were washed four times, and the bound proteins were 

released from the beads by boiling in SDS-PAGE sample buffer for 5 min. The 

samples were analyzed by Western blotting with mouse anti-PSD95 monoclonal 

antibody (1:1k, cat# P246, Sigma, St. Louis, MO).   

 

Immunohistochemistry 

In a separate set of experiments, mice were anesthetized with 3% isoflurane in a 

mixture of N2O/O2 gas at one time point before and at several time points (30, 60 and 

120 min) after i.t. injection of PRE (3 nmol) and perfused transcardially with calcium-

free Tyrode's solution followed by a fixative containing 4% paraformaldehyde and 

0.2% picric acid in 0.1 M phosphate buffer (pH 7.4). The spinal cords were removed 

immediately after perfusion, post-fixed in the identical fixative for 12 h and then 

placed in 30% sucrose in PBS (pH 7.4) overnight at 4°C. Serial transverse sections 

(40 μm) of the spinal cord were cut using a cryostat (Microm, Germany). Spinal L4-6 

tissue sections were processed for pnNOS (rabbit polyclonal anti-pnNOS-Ser847 

antibody, 1:3k; Abcam Inc.), protein kinase C (PKC)-dependent pGluN1 (Ser896, 

1:1k, cat# 06–640, Upstate Biotechnology, Lake Placid, NY, USA; this antibody is 
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specific for GluN1 phosphorylated on serine 896) or protein kinase A (PKA)-

dependent pGluN1 (Ser897, 1:1k, cat# 06–641, Upstate Biotechnology; this antibody 

is specific for GluN1 phosphorylated on serine 897) immunohistochemistry using the 

avidin-biotin-peroxidase complex (ABC) procedure as previously described (Osuka et 

al., 2007). Visualization of the ABC complex was performed using 3,3-

diaminobenzidine (Sigma) and the 3,3-diaminobenzidine reaction was intensified with 

0.2% nickel chloride.  

 

Image analysis 

Tissue sections were examined under a brightfield microscope (Zeiss Axioscope, 

Hallbergmoos, Germany) and three to five spinal cord sections from the L4-6 lumbar 

spinal cord segments were randomly selected from each animal, and subsequently 

scanned. Individual sections were digitized with 4096 grey levels using a cooled CCD 

camera (Micromax Kodak 1317; Princeton Instruments, AZ, USA) connected to a 

computer-assisted image analysis system (Metamorph version 6.3r2; Molecular 

Devices Corporation, PA). To maintain a constant threshold for each image and to 

compensate for subtle variability of the immunostaining, the neurons that were at least 

70% darker than the average gray level of each image were only counted after 

background subtraction and shading correction. The average number of Fos-ir, 

pGluN1-ir and pnNOS-ir cells per section from each animal was obtained and these 

values were averaged across each group and presented as group data. The expression 

of Fos, pGluN1 and pnNOS was quantified in the following three dorsal horn regions: 

1) the superficial dorsal horn (SDH, laminae I and II); 2) the nucleus proprius (NP, 

laminae III and IV); and 3) the neck region (NECK, laminae V and VI). All analytical 
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procedures described above were performed without the 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, USA). Repeated measures two-way 

ANOVA was performed to determine overall differences between experimental 

groups in all nociceptive behavioral tests. Post-hoc analysis was performed using the 

Bonferroni’s multiple comparison test in order to determine the P value among 

experimental groups. One-way ANOVA followed by the Bonferroni’s comparison test 

was used to determine differences between experimental groups in 

immunohistochemistry and Western blot assay. A P < 0.05 was considered statistically 

significant. 
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RESULTS 

1. Effect of i.t. pretreatment with NOS inhibitors on PRE-

induced pain hypersensitivity  

The i.t. administration of PRE (3 nmol, VEH+PRE) significantly increased PWF 

to innocuous mechanical stimuli (mechanical allodynia) for the entire 120 min post-

injection testing period as compared to those of VEH+VEH treated group (Fig. 1-1A 

and B; **P < 0.01, ***P < 0.001 v.s. VEH+VEH treated group). I.t. pretreatment with 

L-NAME (3, 10 and 100 nmol, Fig. 1-1A), a non-selective NOS inhibitor or with 7-

NI (10, 100 and 200 nmol, Fig. 1-1B), a selective nNOS inhibitor dose-dependently 

suppressed this PRE-induced increase in PWF (#P < 0.05, ##P < 0.01, ###P < 0.001 

v.s. VEH+PRE injected group). The i.t. injection of these inhibitors alone (L-

NAME+VEH or 7-NI+VEH), in the absence of PRE, did not affect PWF in 

comparison to the VEH+VEH group (Fig. 1-1A and B).  

The i.t. injection of PRE (3 nmol, VEH+PRE) also decreased PWL to noxious 

heat stimuli (thermal hyperalgesia) for the entire 60 min post-injection testing period 

as compared to that of the VEH+VEH treated group (Fig. 1-1C and D; **P < 0.01, 

***P < 0.001 v.s. VEH+VEH treated group). I.t. pretreatment with L-NAME (100 

nmol, Fig. 1-1C) or with 7-NI (200 nmol, Fig. 1-1D) blocked the PRE-induced 

decrease in PWL (###P < 0.001 v.s. VEH+PRE injected group). The injection of 

these inhibitors alone (L-NAME+VEH or 7-NI+VEH) did not evoke a significant 

change in PWL in comparison to the VEH+VEH group (Fig. 1-1C and D).  
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Figure 1-1. The effect of i.t. administration of L-NAME (a non-selective NOS 

inhibitor) or 7-NI (a selective nNOS inhibitor) on the PRE084 (PRE)-induced changes 

in the paw withdrawal frequency (PWF, %) and the paw withdrawal latency (PWL, 

sec) over time. Either L-NAME (A and C) or 7-NI (B and D) was applied 10 min 

before PRE injection, respectively. The PWF (A and B) and the PWL (C and D) were 

examined at 30, 60, 120 min after PRE injection using a von-Frey filament (0.16 g), 

and hot plate test (55 ± 0.5 °C), respectively. **P < 0.01, ***P < 0.001 v.s. 

VEH+VEH group; #P < 0.05, ##P < 0.01, ###P < 0.001 v.s. VEH+PRE group. n = 7–

9 mice / group.

A B 

C D 
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2. Effect of i.t. pretreatment with NOS inhibitors on the PRE-

induced enhancement of Fos expression caused by a paw pinch 

stimulus 

The normal control animals that merely received isoflurane treatment showed 

only a few Fos-ir neurons that were scattered in the SDH, NP, and NECK regions of 

the dorsal horn of the spinal cord (Fig. 1-2A and B). A diagram depicting the location 

of each of these three regions in the spinal dorsal horn is superimposed on the 

photomicrograph of the spinal cord illustrated in the first plate of figure 1-2B. Right 

paw-pinch stimulation for 10 min significantly increased the number of Fos-ir cells in 

all regions of the ipsilateral spinal cord dorsal horn (Fig. 1-2A and B), but had no 

effect on Fos expression in the contralateral dorsal horn (data not shown). Intrathecal 

treatment with the PRE (3 nmol) significantly enhanced paw pinch-induced Fos 

expression in the dorsal horn compared with that observed in the paw pinch only 

group (Fig. 1-2A and B; **P < 0.01, ***P < 0.001 v.s. Pinch group). Intrathecal 

pretreatment with L-NAME (100 nmol) or 7-NI (100 nmol) before the injection of 

PRE completely blocked this PRE–induced facilitatory effect on spinal Fos 

expression (Fig. 1-2A and B; ###P < 0.001 v.s. PRE+Pinch group). In contrast, 

NAME or 7-NI alone in the absence of PRE did not modify paw pinch-evoked Fos 

expression in the dorsal horn. Similarly, i.t. injection of PRE without paw pinch 

stimulation had no effect on the number of Fos-ir neurons in the dorsal horn compared 

with those present in normal animals (Fig. 1-2A and B). 
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Figure 1-2. The effect of i.t. administration of L-NAME (a non-selective NOS 

inhibitor) or 7-NI (a selective nNOS inhibitor) on PRE084 (PRE)-induced 

enhancement of paw pinch-evoked spinal cord Fos expression. (A) The number of 

Fos-immunoreactive (ir) neurons in the superficial dorsal horn (SDH, lamina I–II), in 

the nucleus proprius (NP, lamina III–IV) and in the neck region (NECK, lamina V–

VI) of the spinal cord dorsal horn are depicted graphically in panel A. **P < 0.01, 

***P < 0.001 v.s. Pinch group; ###P < 0.001 v.s. PRE+Pinch group. n = 5 mice / 

group. (B) Photomicrographs of representative spinal cord sections are illustrated in B. 

The white dotted lines in the first panel depict the location of each of the three regions 

analyzed in the spinal cord dorsal horn. Normal control group (Normal), i.t. PRE 

alone-treatment group (PRE, 3nmol), paw pinch-stimulated group (Pinch), i.t. PRE 

treatment + paw pinch group (PRE+Pinch), i.t. L-NAME (100 nmol) + PRE treatment 

+ paw pinch group (L-NAME+PRE+Pinch), and i.t. 7-NI (100 nmol) + PRE 

treatment + paw pinch group (7-NI+PRE+Pinch). The PRE was administered 30 min 

before pinch stimulation, and L-NAME and 7-NI were administered 10 min before 

PRE injection. Arrows indicate representative Fos-ir cells. Scale bar = 200 μm. 
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3. Effect of i.t. pretreatment with NOS inhibitors on the PRE-

induced increase in the number of pGluN1-ir cells in the spinal 

dorsal horn 

The i.t. administration of PRE (3 nmol) significantly increased the number of 

PKC-dependent (Ser896) pGluN1-ir cells in the NP (laminae III-IV) and NECK 

regions (laminae V-VI) and PKA-dependent (Ser897) pGluN1-ir cells in the SDH 

(laminae I-II), NP and NECK regions of the spinal cord dorsal horn at the 30 min 

post-injection time point (Fig. 1-3; *P < 0.05, **P < 0.01, ***P < 0.001 v.s. 

VEH+VEH group). I.t. pretreatment with L-NAME (100 nmol) or 7-NI (100 nmol) 

potently suppressed this PRE-induced increase in the number of PKC-dependent 

(Ser896) pGluN1-ir neurons in the spinal cord dorsal horn, particularly in the NP and 

NECK regions (Fig. 1-3A and B; #P < 0.05, ##P < 0.01 v.s. VEH+PRE group). By 

contrast, the PRE-induced increased number of PKA-dependent (Ser897) pGluN1-ir 

neurons was not reduced by either L-NAME (100 nmol) or 7-NI (100 nmol) injection 

(Fig. 1-3A and B). The i.t. injection of these inhibitors alone, in the absence of PRE, 

did not affect spinal pGluN1 expression in comparison to the VEH+VEH group (Fig. 

1-3A and B). 
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Figure 1-3. The effect of i.t. administration of L-NAME (a non-selective NOS 

inhibitor) or 7-NI (a selective nNOS inhibitor) on the i.t. PRE084 (PRE)-induced 

increase in the number of PKC (Ser896)- and PKA (Ser897)-dependent GluN1 

subunit phosphorylation (pGluN1)-immunoreactive (ir) cells in the spinal cord dorsal 

horn. Graphs (A) and photomicrographs (B) of representative L4–5 spinal cord sections 

illustrating PKC-dependent (Ser896) and PKA-dependent (Ser897) pGluN1-ir cells in 

the spinal cord dorsal horn induced by i.t. administration of PRE084 (PRE, 3 nmol) 

alone, or following pretreatment with L-NAME (100 nmol) or 7-NI (100 nmol). *P < 

0.05, **P < 0.01, ***P < 0.001 v.s. VEH+VEH group; #P < 0.05, ##P < 0.01 v.s. 

VEH+PRE group. n = 6–8 mice / group. SDH, superficial dorsal horn; NP, nucleus 

proprius; NECK, neck of dorsal horn. The white dotted lines depict the location of 

each of these three regions in the spinal cord dorsal horn. Arrows indicate 

representative pGluN1-ir cells. Scale bar = 200 μm. 



28 

 

4. Effect of i.t. PRE injection on the PSD-95 binding to nNOS 

in the spinal cord  

I.t. injection of PRE (3 nmol) significantly decreased the ratio of pnNOS 

(Ser847) to nNOS expression at both the 30 and 60 min time points after PRE 

injection, (Fig. 1-4A; *P < 0.05 v.s. non-treated value of normal mice). In addition, i.t. 

injection of PRE also reduced the amount of nNOS and PSD-95 binding forms in the 

spinal cord dorsal horn at 30 and 60 min post-injection (Fig. 1-4B). 

 



29 

 

 

 

A 

B 



30 

 

Figure 1-4. Changes in the PSD-95 binding of nNOS in spinal cord over time 

following i.t. administration of PRE084 (PRE). (A) Western blots illustrating the 

effect of i.t. injection of PRE on the ratio of pnNOS (Ser847) to nNOS expression in 

the spinal cord dorsal horn. The representative bands of pnNOS, nNOS and β-actin 

expression are presented in the upper portion of panel A, and a graph depicting the 

change of the ratio of pnNOS (Ser847) to nNOS expression is shown in the lower 

portion of panel A. *P < 0.05 v.s. non-treated value of normal mice. n = 3 mice / 

group. (B) A co-immunoprecipitation method was also used to determine the 

interaction of nNOS with PSD-95 in spinal dorsal horn. Homogenates were 

immunoprecipitated (IP) with anti-nNOS, then blotted (IB) with anti-PSD95 antibody. 

Homogenates sampled at 0 (normal), 30, 60 min after PRE injection were examined. 

Input, 300 μg of tissue lysates at each time point. 
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5. Effect of i.t. PRE injection on the phosphorylation (Ser847) 

of nNOS in the spinal cord  

The number of pnNOS-ir cells in SDH (laminae I-II) region was dramatically 

decreased after i.t. PRE (3 nmol) injection, especially 30 and 60 min post-injection 

(Fig. 1-5A). Image analysis confirmed that a significant decrease in the number of 

pnNOS (Ser847)-ir neurons occurred 30 and 60 min after PRE injection as compared 

with that of non-treatment group (0 min) (Fig. 1-5B; ***P < 0.001). 
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Figure 1-5. Representative photomicrographs (A) and graph (B) illustrating the effect 

of i.t. injection of PRE084 (PRE) on the number of pnNOS (Ser847)-immunoreative 

(ir) cells in the spinal cord dorsal horn. (A) Arrows indicate representative pnNOS-ir 

cells. Scale bar = 100 μm. (B) The graph shows the changes in the number of pnNOS-

ir cells in the superficial dorsal horn (SDH, lamina I–II), in the nucleus proprius (NP, 

lamina III–IV) and in the neck region (NECK, lamina V–VI) of the spinal cord dorsal 

horn. ***P < 0.001 v.s. non-treated value of normal mice. n = 6–7 mice / group. 
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6. Effect of pretreatment with a Sig-1R antagonist on PRE-

induced mechanical and thermal hypersensitivity and decrease 

in pnNOS expression 

I.t. pretreatment with Sig-1R antagonist, BD1047 (BD, 100 nmol), completely 

abolished PRE084 (PRE, 3 nmol)-induced mechanical and thermal hypersensitivity at 

both the 30 and 60 min time points after PRE injection (Fig. 1-6A and B; **P < 0.01, 

***P < 0.001 v.s. VEH+VEH group, #P < 0.05, ###P < 0.001 v.s. VEH+PRE group). 

Pretreatment with BD alone (BD+VEH) did not alter the PWF and the PWL. In 

addition, the PRE-induced decrease in the number of pnNOS-ir neurons in the SDH 

(laminae I-II) region was prevented by pretreatment with BD (Fig. 1-6C; ***P < 

0.001 v.s. VEH+VEH group, ###P < 0.001 v.s. VEH+PRE group). Pretreatment with 

BD alone did not affect the number of pnNOS-ir cells in the spinal cord (Fig. 1-6C). 
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Figure 1-6. Effects of i.t. administration of BD1047 (BD), a sigma-1 receptor 

antagonist, on PRE084 (PRE)-induced changes in the paw withdrawal frequency 

(PWF, %, A), in the paw withdrawal latency (PWL, sec, B) and in the number of 

pnNOS (Ser847)-immunoreactive (ir) cells in the spinal cord dorsal horn (C). BD was 

applied 10 min before PRE injection. **P < 0.01, ***P < 0.001 v.s. VEH+VEH 

group; #P < 0.05, ###P < 0.001 v.s. VEH+PRE group. n = 6–9 mice / group. SDH, 

superficial dorsal horn; NP, nucleus proprius; NECK, neck of dorsal horn. 
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7. Effect of pretreatment with a calcineurin inhibitor on PRE-

induced mechanical and thermal hypersensitivity and decrease 

in pnNOS expression 

I.t. pretreatment with calcineurin inhibitor, CsA (20 nmol), significantly 

attenuated PRE-induced mechanical and thermal hypersensitivity at all time points 

(Fig. 1-7A and B; **P < 0.01, ***P < 0.001 v.s. VEH+VEH group, #P < 0.05, ##P < 

0.01, ###P < 0.001 vs. VEH+PRE group). Pretreatment with CsA alone did not alter 

the PWF and the PWL. The PRE-induced decrease in the number of pnNOS-ir 

neurons in the SDH region was blocked by pretreatment with CsA (Fig. 1-7C; **P < 

0.01 v.s. VEH+VEH group, ##P < 0.01 v.s. VEH+PRE group). Pretreatment with CsA 

alone did not affect the number of pnNOS-ir cells in the spinal cord (Fig. 1-7C). 
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Figure 1-7. Effects of i.t. administration of cyclosporin A (CsA), a calcineurin 

inhibitor, on PRE084 (PRE)-induced changes in the paw withdrawal frequency 

(PWF, %, A), in the paw withdrawal latency (PWL, sec, B) and in the number of 

pnNOS (Ser847)-immunoreactive (ir) cells (C). CsA was applied 10 min before PRE 

injection. **P < 0.01, ***P < 0.001 v.s. VEH+VEH group; #P < 0.05, ##P < 0.01, 

###P < 0.001 v.s. VEH+PRE group. n = 6–11 mice / group. SDH, superficial dorsal 

horn; NP, nucleus proprius; NECK, neck of dorsal horn. 
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8. Effect of i.t. pretreatment with a sGC inhibitor on PRE-

induced mechanical and thermal hypersensitivity and decrease 

in pnNOS expression 

I.t. pretreatment with the soluble guanylyl cyclase inhibitor, ODQ (300 pmol) 

significantly decreased PRE-induced mechanical and thermal hypersensitivity (Fig. 1-

8A and B; **P < 0.01, ***P < 0.001 v.s. VEH+VEH group, ##P < 0.01, ###P < 0.001 

v.s. VEH+PRE group). Pretreatment with ODQ alone did not alter either PWF or 

PWL or pnNOS expression. In contrast, the PRE-induced decrease in the number of 

pnNOS-ir neurons was notably not modified by pretreatment with ODQ (Fig. 1-8C; 

***P < 0.001 v.s. VEH+VEH group). 
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Figure 1-8. Effects of i.t. administration of ODQ, a soluble guanylate cyclase inhibitor, 

on PRE084 (PRE)-induced changes in the paw withdrawal frequency (PWF, %, A), in 

the paw withdrawal latency (PWL, sec, B) and in the number of pnNOS (Ser847)-

immunoreactive (ir) cells in the spinal cord dorsal horn (C). ODQ was applied 10 min 

before PRE injection. **P < 0.01, ***P < 0.001 v.s. VEH+VEH group; ##P < 0.01, 

###P < 0.001 v.s. VEH+PRE group. n = 6–9 mice / group. SDH, superficial dorsal 

horn; NP, nucleus proprius; NECK, neck of dorsal horn. 
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DISCUSSION 

Recent studies from our laboratories have demonstrated that i.t. administration of 

a Sig-1R agonist (PRE) significantly induced mechanical and thermal hypersensitivity 

to peripheral stimuli (Roh et al., 2008b; Roh et al., 2010). These PRE-mediated effects 

were associated with an increase in intracellular Ca2+ concentration through a PLC-

IP3-PKC signaling pathway, which is also known to be closely linked to NO signaling 

via nNOS activation. The present study is the first to demonstrate that i.t. pretreatment 

with either the non-selective NOS inhibitor, L-NAME or the selective nNOS inhibitor, 

7-NI reduced PRE-mediated mechanical allodynic and thermal hyperalgesic behaviors 

as well as the PRE-induced increase in paw pinch-evoked spinal cord Fos expression 

(i.e. this increased Fos expression reflects the PRE-induced induction in mechanical 

hyperalgesia). These results indicated that NO signaling via nNOS activation could 

also serve as an intrinsic mechanism leading to the initiation of the central 

sensitization related to Sig-1R activity. 

It is well recognized that NO is synthesized by nNOS in the nervous system, 

which links to NMDA receptors through a postsynaptic density protein, PSD-95 (Xu 

et al., 2007). Extracellular Ca2+ influx into neuronal cells via NMDA receptor 

activation increases nNOS activity effectively through binding of Ca2+/calmodulin to 

the nNOS and dephosphorylation occurs by Ca2+/calmodulin dependent nNOS 

phosphatase, a calcineurin (Zhou and Zhu, 2009). In this regard, it was determined 

that i.t. PRE injection modified the ratio of pnNOS (phosphorylated form of nNOS) to 

nNOS expression and decreased the number of pnNOS-ir cells in the spinal cord 

dorsal horn. Moreover, the Sig-1R-induced reduction in the PSD-95 binding form of 

nNOS was confirmed using a co-immunoprecipitation method. These results 
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demonstrate that NO signaling activation stimulated by i.t. PRE is closely linked to 

decreases in the phosphorylated form of nNOS and its separation from the PSD-95 

protein. That is, PRE-induced Sig-1R activation leads to time-dependent NO signaling 

activation, which ultimately induces mechanical allodynia and thermal hyperalgesia. 

The present study also found that the activation of nNOS in the spinal cord 

contributes to the increase in PKC-dependent, but not PKA-dependent, pGluN1 

expression in the spinal cord dorsal horn. NO has been reported to activate PKC in the 

heart (Ping et al., 1999). Following an ischemic stimulus (endogenous increase of 

NO) or after treatment with NO-releasing agents (exogenous increase of NO), NO 

caused an isoform-selective activation of PKCε in rabbit (Ping et al., 1999). Our 

recent study also demonstrated that the PRE-induced increase in spinal pGluN1 

expression is mediated by the PKCα and PKCε isoforms, but not the PKCζ isoform. 

The PKCα and PKCε isoforms in turn contribute to mechanical allodynia (Roh et al., 

2010). PKCα is a classical subtype which is both calcium and diacylglycerol (DAG)-

dependent, while PKCε is an atypical subtype that is calcium-independent and DAG-

dependent (Yonezawa et al., 2009). Because NO signaling could be associated with 

DAG as well as calcium, the activation of PKCα and PKCε by NO signaling could 

have a strong influence on the Sig-1R-induced increase in the PKC-dependent 

pGluN1 expression.  

The precise mechanism by which increased NO induces PKC-dependent pGluN1 

modification is a complex problem that will require extensive investigation. NO 

signaling is carried out by at least two separate pathways. First, NO stimulates soluble 

guanylyl cyclase (sGC) to increase cyclic guanosine monophosphate (cGMP), which 

in turn modulates a variety of downstream signaling targets (Koesling et al., 2004). 
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Second, NO can directly modulate the functions of many proteins by reacting with 

heme groups, sulfur-iron clusters and thiol moieties (Hess et al., 2005; Miyamoto et 

al., 2009). Thus, NO can affect PKC activity directly or indirectly by binding to 

proteins involved in PKC modulation. Furthermore, cGMP is known to be a 

particularly important second messenger for NO-dependent signaling, (Schmidtko et 

al., 2008; Schmidtko et al., 2009). In the present study, the result shows that the Sig-

1R-induced increase in NO signaling is mediated by a cGMP signal pathway, but not 

by a direct action of NO on PKC activity, since the soluble guanylyl cyclase (sGC) 

inhibitor, ODQ, totally attenuated the PRE-induced mechanical and thermal 

hypersensitivity. Moreover, while Ca2+ signaling is also essential for activation of 

nNOS and catalytic activation of Ca2+-dependent PKC, the activity of PKA is 

dependent on the concentration of cyclic AMP (cAMP), but not the concentration of 

Ca2+ within the cell. Therefore, the Sig-1R-induced increase in intracellular Ca2+ 

concentration activates a NO-sGC signaling pathway originating from nNOS, which 

in turn affects PKC-dependent, but not PKA-dependent, pGluN1 expression in the 

spinal cord dorsal horn. 

The immunohistochemical data also showed that the PRE-induced expression 

pattern of pnNOS differed from that of PKC-dependent pGluN1 (Ser896) based on 

the differential distribution of these two proteins among the spinal cord laminae 

(regions). Thus the pnNOS-ir cells were mainly located in superficial dorsal horn 

(laminae I-II), which is also rich in Sig-1Rs. However, most of the PKC-dependent 

pGluN1-ir cells were mainly detected in the deeper dorsal horn (laminae III-IV and V-

VI) in the present study. The most obvious explanation for this discrepancy is that NO, 

being a diffusible gas, readily permeates cell membranes and thus it can diffuse from 
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its site of production in laminae I and II to act on glia and/or other neurons in deeper 

laminae (Meller and Gebhart, 1993; Schmidtko et al., 2009). Thus even though NO is 

mainly produced in the superficial dorsal horn by Sig-1R activation, it is reasonable 

that NMDA receptors (pGluN1) located on deep dorsal horn cells can be affected 

either directly or indirectly by NO produced more superficially. However, these 

concepts need to be confirmed by further investigation. 

Finally, it was also evaluated whether pretreatment with the Sig-1R antagonist, 

BD1047, or the phosphatase calcineurin inhibitor, CsA, attenuates PRE-induced 

mechanical and thermal hypersensitivity and prevents the Sig-1R-induced decrease in 

the number of pnNOS-ir cells. The results obtained with BD1047 pretreatment 

confirmed that the PRE injection-mediated pain induction was directly related to Sig-

1R activation, which in turn caused activation of an NO signaling cascade. In addition, 

the blocking effect of BD1047 pretreatment on the PRE-induced increase in pGluN1 

expression and PKC activity has also been reported in our previous studies (Kim et al., 

2008; Roh et al., 2008a; Roh et al., 2010). Calcineurin (CN) is the Ca2+/calmodulin-

dependent phosphatase of pnNOS, and activation of CN plays a critical role in nNOS 

activation (Zhou and Zhu, 2009). In this study, blocking CN activation by CsA 

prevented both NO signaling activation and PRE-induced mechanical and thermal 

hypersensitivity. These results demonstrate that the NO signaling pathway via CN 

plays a key role in Sig-1R-mediated pain induction. By contrast, the sGC inhibitor, 

ODQ, attenuated PRE-mediated pain induction, but did not affect the Sig-1R-induced 

decrease in the number of pnNOS-ir cells. As mentioned above one of the major NO 

signaling mechanisms in the spinal nociceptive process involves the activation of sGC 

and subsequent cGMP production (Tao and Johns, 2002). Because sGC inhibition by 
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ODQ blocked the NO downstream pathway following pnNOS dephosphorylation, it 

is our contention that ODQ could not modify the Sig-1R-induced decrease in pnNOS-

ir cells.  

The present study demonstrated that spinal Sig-1R-induced mechanical and 

thermal hypersensitivity are mediated by an increase in activated nNOS (i.e. as 

evidenced by a significant decrease in pnNOS and/or by the decrease in the PSD95-

PDZ domain binding form), which in turn causes an increase in NO-induced PKC-

dependent, PKA-independent, pGluN1 expression. Collectively these findings suggest 

that the increase in NO signaling that occurs via a Sig-1R-mediated decrease in 

pnNOS plays an important role in spinal Sig-1R-mediated sensitization.  
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CHAPTER 2 

 

 

 

Modulatory effect of D-serine via nNOS/sGC signaling on 

sigma-1 receptor-induced GluN1 phosphorylation in 

neuropathic pain 
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ABSTRACT 

It has been demonstrated that spinal sigma-1 receptor (Sig-1R) activation 

mediates nociception via an increase in phosphorylation of the NMDA receptor 

GluN1 subunit (pGluN1). Here the role of D-serine in this process was examined, by 

which NMDA receptor function is potentiated via neuronal NOS (nNOS) activation. 

The present study was designed to examine whether the Sig-1R-induced facilitative 

effect on NMDA-induced nociception is mediated by D-serine, D-serine modulates 

spinal pGluN1 expression, and nNOS/NO signaling mediates the effect of D-serine on 

the increase in pGluN1 and the development of neuropathic pain following chronic 

constriction injury (CCI) of the sciatic nerve. Intrathecal administration of the D-

serine degrading enzyme, DAAO attenuated the facilitation of NMDA-induced 

nociception induced by the Sig-1R agonist, PRE084. Exogenous D-serine facilitates 

NMDA-induced nociception and increases in both total NO levels and PKC-

dependent (Ser896) pGluN1 expression, which were attenuated by preteatment with 

the nNOS inhibitor, 7-nitroindazole. In CCI mice, intrathecal administration of 

exogenous D-serine restored mechanical allodynia (MA) and PKC-dependent pGluN1 

that were suppressed by the Sig-1R antagonist, BD1047. Furthermore, administration 

of the serine racemase inhibitor, LSOS or DAAO suppressed CCI-induced MA, 

pGluN1 and nNOS activation. Intrathecal administration of 7-nitroindazole, the 

soluble guanylyl cyclase (sGC) inhibitor, ODQ attenuated CCI-induced MA and 

pGluN1. By contrast, D-serine and nNOS signaling had no effect on CCI-induced 

thermal hyperalgesia or GluN1 expression. Spinal D-serine is a downstream effector 

of CCI-induced Sig-1R activation and modulates PKC-dependent pGluN1 expression 

via nNOS/sGC signaling, and ultimately contributes to the induction of MA following 

peripheral nerve injury. 
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INTRODUCTION 

Damage to the spinal cord or peripheral nerves can lead to the development of 

neuropathic pain, which causes considerable suffering and distress to these patients 

and is associated with several diagnostic symptoms including mechanical allodynia 

(MA, sensation of pain to non-noxious mechanical stimuli) and thermal hyperalgesia 

(TH, increased pain response to noxious thermal stimuli) (Woolf and Mannion, 1999). 

The development of peripheral neuropathic pain involves a variety of 

pathophysiological mechanisms in both the peripheral and central nervous systems 

(Baron, 2006). In this regard spinal N-methyl-D-aspartate receptors (NMDARs) have 

been shown to play a key role in the development of ‘central sensitization’, a 

phenomenon in which nociceptive inputs to the dorsal horn increase the excitability 

and synaptic efficacy of neurons in spinal pain pathways (Woolf, 1983; Woolf and 

Mannion, 1999). Phosphorylation of the NMDAR GluN1 subunit (pGluN1) at serine 

and threonine residues increases neuronal excitability by reducing the Mg2+ block and 

by increasing the probability of channel openings (Chen and Huang, 1992). This is 

consistent with our previous results showing that activation of spinal sigma-1 

receptors (Sig-1Rs) contributes to Ca2+-dependent second messenger cascades and 

functional potentiation of NMDARs via increases in PKC-dependent and PKA-

dependent phosphorylation at serine 896 and serine 897, respectively, leading to 

formalin-induced nociceptive behaviors in an animal model of formalin-induced pain 

and to the development of MA in a neuropathy model involving chronic constriction 

injury (CCI) of the sciatic nerve (Kim et al., 2006; Roh et al., 2008a; Roh et al., 

2008b). 

D-serine is an endogenous ligand for the glycine site of the NMDARs, which can 
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closely modulate functional activity of NMDARs (Mothet et al., 2000). D-serine is 

generated from L-serine by the activity of serine racemase (Srr) and this 

biosynthesizing enzyme is expressed exclusively in astrocytes (Wolosker et al., 1999). 

Recent reports suggest that D-serine plays an important role as a gliotransmitter, 

which upon release from astrocytes activates NMDARs on postsynaptic neurons 

contributing to the processing of nociceptive transmission in the spinal cord dorsal 

horn (Lefèvre et al., 2015; Miraucourt et al., 2011). This is consistent with our 

previous results showing that reduction of D-serine levels in the spinal cord following 

intrathecal (i.t.) administration of the Srr inhibitor, LSOS or the D-serine degrading 

enzyme, DAAO significantly attenuates the development of MA in CCI mice (Moon 

et al., 2015). Although it has been documented that spinal D-serine activates NMDAR, 

there is limited understanding of the cellular mechanisms involved in the induction of 

persistent pain by endogenous D-serine. Since it has been suggested that Sig-1R 

activation increases the production of D-serine via modulation of Srr expression, it 

could be possible that the Sig-1R-induced increase in D-serine in astrocytes is 

involved in the functional potentiation of NMDARs, which underlies the development 

of MA in CCI mice. 

Nitric oxide (NO) is synthesized from L-arginine, NADPH and oxygen by three 

isoforms of nitric oxide synthase (NOS): neuronal NOS (nNOS), inducible NOS 

(iNOS) and endothelial NOS (eNOS) (Alderton et al., 2001). It has been well 

demonstrated that NO plays an important, but complex role as a neuromessenger in 

nociceptive processes in the spinal cord dorsal horn and induces the development of 

central sensitization (Cury et al., 2011). Importantly, nNOS co-localizes with 

NMDARs and the scaffolding protein postsynaptic density protein-95 (PSD-95) links 

nNOS to the NMDAR, which contributes to the functional coupling of nNOS to 
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NMDARs (Christopherson et al., 1999). The literature also indicates that activation of 

NMDARs modulates spinal nociceptive transmission via nNOS/NO signaling 

cascades (Ferreira et al., 1999; Kawamata and Omote, 1999). In addition, NMDA 

augments nNOS activity in a concentration-dependent manner and selective D-amino 

acids degradation has been shown to diminish NMDA-evoked nNOS activity in 

cerebellar slices (Mothet et al., 2000). These findings raise the possibility that the 

action of D-serine on NMDAR function and nociceptive transmission at spinal 

glutamatergic synapses could be closely linked to nNOS activation. 

In this regard, a major hypothesis of this study is that Sig-1R modulation of 

astrocytic D-serine plays an important role in increasing pGluN1 expression via 

nNOS activation and that this pathway contributes to the development of persistent 

neuropathic pain. This hypothesis was first examined using an animal model of 

NMDA-induced nociception to determine the potential interaction of D-serine and 

nNOS activation that ultimately contributes to the Sig-1R-induced potentiation of 

nociception induced by the increased phosphorylation of NMDAR. Then, an animal 

model of peripheral nerve injury was used in order to determine the potential for using 

NMDAR, D-serine and/or nNOS as therapeutic targets for alleviating MA under 

conditions of neuropathic pain. Thus, the present study was designed to examine 

whether: (1) the Sig-1R-induced facilitative effect on NMDA-induced nociception is 

mediated by D-serine; (2) D-serine modulates spinal PKC-dependent (Ser896) or 

PKA-dependent (Ser897) pGluN1 expression, which accounts for the potentiation of 

NMDAR function; and finally (3) the nNOS/NO signaling cascade mediates the effect 

of D-serine on the increase in pGluN1 expression and development of peripheral 

neuropathic pain. 
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MATERIALS AND METHODS 

Experimental animals 

Experimental animals and maintaining condition are identical with those of 

Chapter 1.  

 

Peripheral nerve injury model 

A chronic constriction injury (CCI) of the common sciatic nerve was performed 

according to the method described by Bennett and Xie with a minor modification 

(Bennett and Xie, 1988). Briefly, mice were anesthetized with 3% isoflurane in a 

mixture of N2O/O2 gas. The left sciatic nerve was exposed and 3 loose ligatures of 6-0 

silk were placed around the nerve. Sham surgery was performed by exposing the 

sciatic nerve in the same manner, but without ligating the nerve. 

 

Drugs and i.t. administration 

The following drugs were used: N-Methyl-D-aspartic acid (NMDA, a NMDA 

receptor agonist; 0.4 nmol); 2-(4-morpholinethyl)1-phenylcyclohexane carboxylate 

(PRE084, a Sig-1R agonist; 3 nmol); N-[2-(3,4-dichlorophenyl)ethyl]-N-methyl-2-

(dimethylamino)ethylamine dihydrobromide (BD1047, a Sig-1R antagonist; 100 

nmol); D-serine (5, 50, 500 nmol); L-serine O-sulfate potassium salt (LSOS, a Srr 

inhibitor; 10 nmol); D-amino acid oxidase (DAAO, an endogenous D-serine 

degrading enzyme; 0.001, 0.01, 0.1 U); fluorocitrate (FC, an astrocyte metabolic 

inhibitor; 0.003, 0.03 nmol); 7-nitroindazole (7-NI, a nNOS inhibitor; 200 nmol); 1H-

[1,2,4]oxadiazolo[4,3-a]Quinoxalin-1-one (ODQ, a soluble guanylyl cyclase inhibitor; 

300 pmol); chelerythrine (CHE, a PKC inhibitor; 1 nmol); PKA inhibitor 14-22 amide 
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(PKI, a PKA inhibitor; 2 nmol). NMDA, PRE084, BD1047 and CHE were purchased 

from Tocris Cookson Ltd. (Bristol, UK), LSOS from Santa Cruz Biotechnology Inc. 

(CA, USA), D-serine, DAAO, FC, 7-NI and ODQ from Sigma–Aldrich (St. Louis, 

MO, USA) and PKI from Calbiochem. The doses of all drugs used in the present 

study were selected based on doses previously used in the literature including those 

used in previous studies from our laboratories showing that these doses produce 

maximal effects with no detectable side effects (Gabra et al., 2007; Moon et al., 2015; 

Morita et al., 2008; Roh et al., 2011; Yoon et al., 2010). FC was dissolved in 0.05% 

1N HCl in physiological saline, 7-NI was dissolved in 5% DMSO in Corn oil, and 

ODQ and CHE were dissolved in 5% DMSO in physiological saline. The remaining 

drugs were dissolved in physiological saline. The injection volume was 5 µl and all 

drugs were administrated intrathecally. In CCI mice, drugs were administrated twice a 

day on postoperative days 0-3, during the induction phase of pain development. 

The procedure of i.t. drug administration was performed in unanesthetized naïve 

mice and CCI mice that were anesthetized with 3% isoflurane in a mixture of N2O/O2 

gas according to the method described in Chapter 1. 

 

NMDA-induced nociceptive behaviors 

Each mouse was acclimated to an acrylic observation chamber for at least 30 min 

before the first drug injection. NMDA (0.4 nmol in 5 μl sterile saline) was injected 

intrathecally in order to produce spinally mediated NMDA-induced nociceptive 

behaviors (Yajima Y et al., 2000; Yoon et al., 2010). Following injection, animals 

were immediately placed in an observation chamber and nociceptive behaviors 

including caudally directed licking, scratching and biting were recorded for a 10-min 

period. The cumulative response time (sec) of these behaviors was measured. To 
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evaluate the possible role of Sig-1Rs and/or D-serine in NMDA-induced nociception, 

PRE084 (3 nmol) or D-serine (5, 50, 500 nmol) was intrathecally injected 30 min 

prior to NMDA injection. Separate groups of animals were pretreated with DAAO 

(0.001, 0.01 U), FC (0.003, 0.03 nmol), 7-NI (200 nmol), CHE (1 nmol) or PKI (2 

nmol) 10 min prior to i.t. injection of PRE084 (3 nmol) or D-serine (500 nmol).  

 

Behavioral assessments in CCI mice 

Nociceptive behavioral tests were performed on the ipsilateral hind paw 1 day 

before surgery on all animals to obtain normal baseline values of paw withdrawal 

responses to mechanical and thermal stimuli. Then, animals were randomly assigned 

to experimental and control groups. Postoperative behavioral tests were performed 3 

days post-surgery. All behavioral analyses were performed blindly.  

To assess nociceptive responses to noxious heat stimuli (thermal hyperalgesia), 

paw withdrawal latency (PWL, sec) was measured using a plantar analgesia meter 

(Model 390, IITC Life Science Inc., Woodland Hills, CA) as previously described by 

Hargreaves et al. with minor modifications (Hargreaves et al., 1988). Mice were 

placed in acrylic cylinders on a glass floor and allowed to habituate before testing. A 

radiant heat source was positioned under the floor beneath the hind paw. The test was 

duplicated in the hind paw of each mouse, and the mean withdrawal latency was 

calculated. A cutoff latency in the absence of a response was set at 20 sec to prevent 

tissue damage. Experimental method for mechanical allodynia assay was identical 

with that of Chapter 1. 

 

Measurement of nitric oxide in the spinal cord 

Nitric oxide was determined in the spinal cord dorsal horns from the lumbar 
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enlargement using a nitric oxide detection kit (cat# ADI-917-020, Enzo Life sciences 

Inc.). This nitric oxide (total), detection kit is based on the enzymatic conversion of 

nitrate to nitrite by the enzyme nitrate reductase, followed by the Griess reaction to 

form a colored azo dye product. Animals (n = 4–5 mice / group) were euthanized 30 

min after D-serine injection and on day 3 post-CCI surgery. Mice were deeply 

anesthetized with 3% isoflurane in a mixture of N2O/O2 gas and perfused 

transcardially with calcium-free Tyrode's solution. The isolated spinal cords were 

homogenized in PBS by sonication. Homogenates were subsequently centrifuged at 

400 g for 10 min at 4°C and, then, the supernatant was used for nitric oxide detection 

following the manufacturer’s recommendation. 

 

Western blot assay 

For Western blot analysis separate groups of animals (n = 5–8 mice / group) were 

deeply anesthetized with 3% isoflurane in a mixture of N2O/O2 gas and mice were 

euthanized 30 min after D-serine injection and on day 3 post-CCI surgery. 

Experimental procedures are identical with those of Chapter 1. Spinal cord 

homogenates (25 - 30 µg protein) were separated using 10% SDS-polyacrylamide gel 

electrophoresis and transferred to nitrocellulose membrane. The membranes were 

blocked with 5% skimmed milk for 1 h at RT and incubated at 4°C overnight with a 

primary antibody specific for pGluN1 Ser896 (rabbit polyclonal anti-pGluN1 Ser896 

antibody, 1:1k, cat# ABN88, Millipore Co.; this antibody is specific for rabbit GluN1 

phosphorylated on serine 896), pGluN1 Ser897 (rabbit polyclonal anti-pGluN1 

Ser897 antibody, 1:1k, cat# ABN99, Millipore Co.; this antibody is specific for rabbit 

GluN1 phosphorylated on serine 897), GluN1 (rabbit polyclonal anti-GluN1 antibody, 

1:1k, cat# 07-362, Upstate Biotechnology), pnNOS (rabbit polyclonal anti-pnNOS 
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Ser847 antibody, 1:1k, cat# ab16650, Abcam plc.; this antibody is specific for rabbit 

nNOS phosphorylated on serine 847), nNOS (mouse monoclonal anti-nNOS antibody, 

1:3k, cat# 610308, BD Biosciences) or β-actin (mouse monoclonal anti-β-actin 

antibody, 1:5k, cat# sc-47778, Santa Cruz Biotechnology Inc.). After washing with 

TBST, membranes were incubated for 4 h at 4°C with horseradish peroxidase (HRP)-

conjugated anti-rabbit or anti-mouse antibody (1:10k, Santa Cruz Biotechnology Inc.). 

For analysis of pGluN1 or GluN1 expression, the value of the control groups was set 

at 100% and, then, the percent change relative to the control groups was calculated for 

each group. To analyse activation of nNOS, the ratio of pnNOS (Ser847) to nNOS 

expression was calculated. The value of the ratio of pnNOS to nNOS expression in the 

control groups was set at 100%. Thus, the percent change in pnNOS to nNOS 

expression was examined for each group.  

 

NADPH-diaphorase staining and image analysis 

NADPH-diaphorase staining was performed to demonstrate the presence of 

functional NOS enzyme as described previously with minor modifications (Guggilam 

et al., 2008). A separate group of mice were used for this experiment (n = 6 mice / 

group) and spinal cord sections were obtained according to the method of 

immunohistochemistry detailed in Chapter 1. Spinal tissue sections were washed in 

0.1 M Tris buffer (pH 7.4) and incubated in β-NADPH (1 mg/ml, Sigma–Aldrich Co.), 

Nitro blue tetrazolium (NBT, 0.25 mg/ml, Sigma–Aldrich Co.) and 0.5% Triton X-

100 for 1 h at 37°C in the dark. Tissue sections were mounted on slides and examined 

under a brightfield microscope (Zeiss Axioscope, Germany). Image analysis methods 

for NADPH-diaphorase staining are identical with those of Chapter 1. 
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After NADPH-diaphorase staining, several sections were blocked with 3% 

normal goat serum for 1 h at RT and incubated overnight at RT with a primary 

antibody specific for c-Fos (rabbit polyclonal anti-c-Fos antibody, 1:10k, cat# PC38, 

Calbiochem), NeuN (mouse monoclonal anti-NeuN antibody, 1:1k, cat# MAB377, 

Millipore Co.), GFAP (mouse monoclonal anti-GFAP antibody, 1:1k, cat# MAB360, 

Millipore Co.) or Iba-1 (rabbit anti-Iba1 antibody, 1:1k, cat# 019-19741, Wako). After 

washing with PBS, the sections were incubated in biotinylated anti-mouse IgG (1:200, 

Vector Laboratories) or anti-rabbit IgG (1:200, Vector Laboratories) for 1 h at RT and 

then incubated with avidin-biotin-peroxidase complex (ABC). The immunoreactivity 

was visualized by incubating with PBS containing 3,3-diaminobenzidine and H2O2. 

Tissue sections were mounted on slides and examined under a Leica DM500 

microscope (Leica Biosystems, Germany). 

 

Statistical analysis 

Data are expressed as the mean  SEM. Statistical analysis was performed using 

a Prism 5.0 (Graph Pad Software, San Diego, USA). Comparison between all 

experimental groups, except the data in figure 2-7C, was analyzed by a one-way 

ANOVA, followed by the Newman-Keuls multiple comparison test for post-hoc 

analysis. Repeated measures two-way ANOVA was performed to determine 

differences in the data from the time course changes in MA shown in figure 2-7C 

followed by a Bonferroni’s multiple comparison test for post-hoc analysis. P-values of 

< 0.05 were considered statistically significant. 
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RESULTS 

1. Effect of i.t. administration of DAAO or fluorocitrate on the 

Sig-1R-mediated facilitation of NMDA-induced nociceptive 

behaviors 

Intrathecal (i.t.) administration of NMDA (0.4 nmol) elicited nociceptive 

behaviors including caudally directed licking, scratching and biting, that lasted for the 

entire 10-min observation period. The most significant NMDA-induced change 

occurred in licking behavior, which was significantly increased following NMDA 

administration as compared to that of the vehicle-treated group (Fig. 2-1A; ***P < 

0.001 v.s. VEH+VEH). Next, pretreatment with the Sig-1R agonist, PRE084 (3 nmol) 

significantly facilitated both licking and scratching behaviors induced by 

administration of NMDA (Fig. 2-1A; #P < 0.05, ##P < 0.01 v.s. VEH+NMDA). The 

final set of experiments involved measuring the cumulative response time (sec) of 

nociceptive behaviors for the entire 10-min observation period. I.t. administration of 

NMDA elicited significant nociceptive behaviors and pretreatment with PRE084 

increased these NMDA-induced nociceptive behaviors (Fig. 2-1B and C; **P < 0.01, 

***P < 0.001 v.s. VEH+VEH, #P < 0.05, ##P < 0.01 v.s. VEH+NMDA). This 

facilitatory effect of PRE084 on NMDA-induced nociceptive behaviors was 

significantly attenuated by pretreatment with the D-serine degrading enzyme, DAAO 

(0.01 U) or with the astrocyte metabolic inhibitor, fluorocitrate (FC, 0.03 nmol) (Fig. 

2-1B and C; ‡P < 0.05 v.s. PRE+NMDA). On the other hand, pretreatment with either 

DAAO or FC had no effect on NMDA-induced nociceptive behaviors. These results 

strongly suggest that the Sig-1R-induced facilitation of NMDA-induced nociceptive 

behaviors is mediated at least partially by D-serine released from astrocytes.
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Figure 2-1. Graphs illustrating the effect of i.t. administration of the D-serine 

degrading enzyme, DAAO (0.01 and 0.001 U) or the astrocyte metabolic inhibitor, 

fluorocitrate (FC, 0.03 and 0.003 nmol) on the Sig-1R agonist, PRE084-(PRE, 3 

nmol) induced increase in NMDA-induced nociceptive behaviors (which included 

caudally directed licking, scratching and biting). (A) Intrathecal administration of 

NMDA significantly increased licking behavior. Pretreatment with PRE084 

potentiated both licking and scratching behaviors induced by administration of 

NMDA. ***P < 0.001 v.s. VEH+VEH treated group; #P < 0.05, ##P < 0.01 v.s. 

VEH+NMDA treated group. n = 7 mice / group. (B and C) DAAO (0.01 U) or FC 

(0.03 nmol) significantly reduced the PRE084-induced increase in NMDA-induced 

nociceptive behaviors. **P < 0.01, ***P < 0.001 v.s. VEH+VEH treated group; #P < 

0.05, ##P < 0.01 v.s. VEH+NMDA treated group; ‡P < 0.05 v.s. PRE+NMDA treated 

group; n.s., no significance. n = 4–11 mice / group. 
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2. Effect of i.t. administration of 7-NI on D-serine-mediated 

facilitation of NMDA-induced nociceptive behaviors 

To confirm the potential role of D-serine in NMDA-induced nociceptive 

behaviors, exogenous D-serine (at three different doses: 5, 50 and 500 nmol) was 

intrathecally injected 30 min prior to NMDA injection. As shown in figure 2-2A, D-

serine (500 nmol) significantly facilitated NMDA-induced nociceptive behaviors as 

compared with that of the vehicle-treated group (Fig. 2-2A; *P < 0.05 v.s. VEH+VEH 

treated group, #P < 0.05 v.s. VEH+NMDA treated group). 

To determine whether nNOS activation mediates this facilitation of NMDA-

induced nociceptive behaviors by exogenous D-serine, the selective nNOS inhibitor, 

7-nitroindazole (7-NI, 200 nmol) was administrated before D-serine (500 nmol). The 

facilitation of NMDA-induced nociceptive behaviors by D-serine was significantly 

reduced by pretreatment with 7-NI as compared with that of the vehicle-treated group 

(Fig. 2-2B; *P < 0.05 v.s. VEH+VEH treated group, #P < 0.05 v.s. VEH+NMDA 

treated group, ‡P < 0.05 v.s. D-ser+NMDA treated group). The quantification of nitric 

oxide (NO) metabolites in biological samples provides valuable information with 

regards to in vivo NO production, bioavailability and metabolism. Here total NO 

levels were measured using a nitric oxide detection kit that measures nitrate in the 

spinal cord dorsal horn and the results are illustrated in figure 2-2C. D-serine (500 

nmol) significantly increased total NO levels as compared with that of the vehicle-

treated group, and this increase was suppressed by pretreatment with 7-NI (Fig. 2-2C; 

*P < 0.05 v.s. VEH+VEH treated group, #P < 0.05 v.s. VEH+D-ser treated group). 

These results demonstrate D-serine’s facilitation of NMDA-induced nociceptive 

behaviors is mediated in large part by nNOS activation.  
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Figure 2-2. Graphs illustrating the effects of i.t. administration of exogenous D-serine 

(D-ser, at three different doses: 5, 50 and 500 nmol) on NMDA-induced nociceptive 

behaviors in naïve mice (A) and in mice pretreated with the selective nNOS inhibitor, 

7-nitroindazole (7-NI, 200 nmol) 10 min before i.t. treatment with exogenous D-serine 

(D-ser, 500 nmol) (B) and the effect of D-serine (D-ser, 500 nmol) on the 

concentration of NO (measured as nitrate) in the spinal cord dorsal horns (C). (A and 

B) Note that the 500 nmol dose of exogenous D-serine significantly increased 

NMDA-induced nociceptive behaviors. Pretreatment with 7-NI reduced the D-serine-

induced increase in NMDA-induced nociceptive behaviors. *P < 0.05 v.s. VEH+VEH 

treated group; #P < 0.05 v.s. VEH+NMDA treated group; ‡P < 0.05 v.s. D-

ser+NMDA treated group. n = 5–10 mice / group. (C) The D-serine-induced increase 

in total NO concentration in the dorsal horns was significantly suppressed by 

pretreatment with 7-NI. *P < 0.05 v.s. VEH+VEH treated group; #P < 0.05 v.s. 

VEH+D-ser treated group. n = 4–5 mice / group. 
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3. Effect of i.t. pretreatment with 7-NI on the D-serine-induced 

increase in pGluN1 expression in the spinal cord dorsal horn 

To investigate whether the exogenous D-serine potentiates NMDA receptors 

activity, the expression of the PKC-dependent (Ser896) and PKA-dependent (Ser897) 

pGluN1 as well as the total protein expression of GluN1 was examined using a 

Western blot analysis. Intrathecal administration of D-serine (500 nmol) significantly 

increased PKC-dependent pGluN1 expression in the spinal cord dorsal horn at the 30 

min post-injection time point (Fig. 2-3A; *P < 0.05 v.s. VEH+VEH treated group). 

Pretreatment with the selective nNOS inhibitor, 7-nitroindazole (7-NI, 200 nmol) 

completely suppressed this D-serine-induced increase in PKC-dependent pGluN1 

expression (##P < 0.01 v.s. VEH+D-ser treated group). By contrast, neither D-serine 

nor 7-NI pretreatment had an effect on PKA-dependent pGluN1 or total GluN1 

expression (Fig. 2-3A). The i.t. administration of 7-NI alone (7-NI+VEH), in the 

absence of D-serine, did not affect pGluN1 nor total GluN1 expression in comparison 

to the vehicle-treated group (VEH+VEH). 

In addition, i.t. pretreatment with the PKC inhibitor, chelerythrine (CHE, 1 nmol) 

significantly reduced D-serine’s increase in NMDA-induced nociceptive behaviors 

(Fig. 2-3B; **P < 0.01 v.s. VEH+NMDA treated group, ##P < 0.01 v.s. D-

ser+NMDA treated group). However, i.t. pretreatment with the PKA inhibitor, PKI 

14-22 amide (PKI, 2 nmol) had no effect on D-serine’s enhancing effect on NMDA-

induced nociceptive behaviors. These results suggest that D-serine increases the PKC-

dependent phosphorylation of GluN1, which contributes to the potentiation of NMDA 

receptor function leading to facilitation of nociceptive behaviors following i.t. NMDA 

administration. 
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Figure 2-3. Western blot analysis illustrating the effect of i.t. administration with the 

selective nNOS inhibitor, 7-nitroindazole (7-NI, 200 nmol) administered 10 min 

before i.t. treatment with D-serine (D-ser, 500 nmol) on the expression of PKC- and 

PKA-dependent pGluN1 and on the total protein expression of GluN1 in the lumbar 

spinal cord dorsal horn (A) and a graph illustrating the effect of i.t. administration of 

the PKC inhibitor, chelerythrine (CHE, 1 nmol) or the PKA inhibitor, PKI 14-22 

amide (PKI, 2 nmol) administered 10 min before i.t. treatment with D-serine (D-ser, 

500 nmol) on NMDA-induced nociceptive behaviors (B). (A) A graph depicting the 

changes in the pGluN1 and GluN1 is shown in the upper portion, and representative 

Western blot bands for pGluN1 and GluN1 expression are presented in the lower 

portion. Exogenous D-serine (VEH+D-ser) increased PKC-dependent pGluN1 

expression at the Ser896 site and this increase was significantly attenuated by 7-NI 

pretreatment (7-NI+D-ser). However, i.t. exogenous D-serine had no effect on PKA-

dependent pGluN1 at the Ser897 site or total GluN1 expression. *P < 0.05 v.s. 

VEH+VEH treated group; ##P < 0.01 v.s. VEH+D-ser treated group; n.s., no 

significance. n = 5–8 mice / group. (B) Pretreatment with CHE suppressed the 

increase in NMDA-induced nociceptive behaviors induced by D-serine administration, 

whereas PKI had no effect on the facilitatory effect of D-serine. **P < 0.01 v.s. 

VEH+NMDA treated group; ##P < 0.01 v.s. D-ser+NMDA treated group; n.s., no 

significance. n = 6–11 mice / group. 
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4. Effect of i.t. administration of LSOS or DAAO on 

neuropathic pain and the expression of spinal pGluN1 and 

GluN1 in CCI mice 

To further confirm the potential role of D-serine on the development of 

neuropathic pain and increased NMDA receptor function, the Srr inhibitor, LSOS or 

the D-serine degrading enzyme, DAAO was intrathecally injected twice a day on 

post-operative days 0-3 (during the induction phase) in CCI mice. Repeated daily 

administration of LSOS (10 nmol) or DAAO (0.1 U) over this three-day period 

significantly attenuated the CCI-induced development of MA as compared with that 

of vehicle-treated mice (Fig. 2-4A; ***P < 0.001 v.s. VEH treated group on day 0, 

###P < 0.001 v.s. VEH treated group on day 3). On the other hand repeated 

administration of DAAO or LSOS had no effect on TH (Fig. 2-4B; ***P < 0.001 v.s. 

VEH treated group on day 0) as previously reported (Moon et al., 2015). In addition, 

repeated daily administration of LSOS or DAAO significantly reduced the CCI-

induced increase in expression of PKC-dependent pGluN1, but not the increase in 

GluN1 expression as compared to vehicle-treated CCI mice (Fig. 2-4C; *P < 0.05, 

**P < 0.01 v.s. Sham group, ##P < 0.01 v.s. VEH treated group). These results 

demonstrate that spinal D-serine modulates both CCI-induced MA and the CCI-

induced increase in spinal PKC-dependent pGluN1 expression, but not CCI-induced 

TH or the overall increase in GluN1 expression. 
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Figure 2-4. Graphs illustrating the effect of i.t. administration of the Srr inhibitor, 

LSOS (10 nmol) or the D-serine degrading enzyme, DAAO (0.1 U) on the 

development of CCI-induced MA (A) and TH (B) and the expression of PKC-

dependent (Ser896) pGluN1 and GluN1 (C) in mice with neuropathic pain. (A) 

Repeated daily administration of LSOS or DAAO on postoperative days 0-3 blocked 

the increase in paw withdrawal frequency (PWF, %) that occurred in vehicle-treated 

CCI mice (VEH). ***P < 0.001 v.s. VEH treated group on day 0; ###P < 0.001 v.s. 

VEH treated group on day 3. n = 8–10 mice / group. (B) Conversely, the decrease in 

paw withdrawal latency (PWL, sec) to heat stimuli was unaffected by repeated i.t. 

injection with LSOS or DAAO. ***P < 0.001 v.s. the same group on day 0. n = 8–10 

mice / group. (C) Western blot analysis illustrating the effect of i.t. administration of 

LSOS or DAAO on pGluN1 and GluN1 expression in the lumbar spinal cord dorsal 

horn. A graph depicting the changes in the pGluN1 and GluN1 is shown in the upper 

portion, and representative Western blot bands for pGluN1 and GluN1 expression are 

presented in the lower portion. I.t. administration of either LSOS or DAAO 

significantly decreased the level of CCI-induced PKC-dependent pGluN1 expression 

as compared with the vehicle-treated group (VEH). However, the CCI-induced 

increase in GluN1 expression was unaffected by repeated i.t. injection of LSOS or 

DAAO. *P < 0.05, **P < 0.01 v.s. Sham group; ##P < 0.01 v.s. VEH treated group. n 

= 6 mice / group.  
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5. Effect of coadministration of D-serine and BD1047 on 

neuropathic pain and the expression of spinal pGluN1 and 

GluN1 in CCI mice 

To test the hypothesis that D-serine is a downstream effector of Sig-1R activation 

and contributes to increased NMDA receptor function and the development of 

neuropathic pain, spinal Sig-1Rs were blocked with a Sig-1R antagonist, while 

coadministering the putative downstream effector, D-serine to determine if the effect 

of Sig-1R stimulation could be reproduced. To do this exogenous D-serine was 

intrathecally injected in combination with, BD1047 on post-operative days 0-3 (b.i.d., 

during the induction phase) in CCI mice. BD1047 (100 nmol) administration 

significantly attenuated both the CCI-induced development of MA (Fig. 2-5A; ***P < 

0.001 v.s. VEH treated group on day 0, ###P < 0.001 v.s. VEH treated group on day 

3) and the increases in PKC-dependent pGluN1 and GluN1 expression (Fig. 2-5C; *P 

< 0.05, **P < 0.01 v.s. Sham group, #P < 0.05, ##P < 0.01 v.s. VEH treated group). 

Treatment with exogenous D-serine (500 nmol in combination with BD1047) 

reproduced the effect of Sig-1R activation in CCI mice by inducing MA (Fig. 2-5A; 

‡‡‡P < 0.001 v.s. BD1047 treated group on day 3) and increasing PKC-dependent 

pGluN1 expression (Fig. 2-5C; ‡P < 0.05 v.s. BD1047 treated group). However, D-

serine administration did not reproduce the effect of Sig-1R activation on the CCI-

induced increase in GluN1 expression (Fig. 2-5C; #P < 0.05 v.s. VEH treated group). 

Conversely administration of BD1047 alone or in combination with D-serine did not 

affect the development of CCI-induced TH (Fig. 2-5B; **P < 0.01, ***P < 0.001 v.s. 

the same group on day 0). These results suggest that spinal D-serine is a downstream 

effector of Sig-1R activation and mediates Sig-1Rs’ effects on both CCI-induced MA 

and CCI-induced PKC-dependent pGluN1 expression. 
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Figure 2-5. Graphs illustrating the effect of i.t. administration of exogenous D-serine 

(D-ser, 500 nmol) in combination of the Sig-1R antagonist, BD1047 (BD, 100 nmol) 

on the development of CCI-induced MA (A) and TH (B) and the expression of PKC-

dependent (Ser896) pGluN1 and GluN1 (C) in mice with neuropathic pain. (A) 

Repeated daily administration with BD1047 on postoperative days 0-3 blocked the 

increase in paw withdrawal frequency (PWF, %) that occurred in vehicle-treated CCI 

mice (VEH). Treatment with exogenous D-serine in combination with BD1047 

(BD+D-ser) restored the CCI-induced MA that was blocked by BD1047. ***P < 

0.001 v.s. VEH treated group on day 0; ###P < 0.001 v.s. VEH treated group on day 

3; ‡‡‡P < 0.001 v.s. BD1047 treated group on day 3. n = 7–8 mice / group. (B) 

Conversely, the decrease in paw withdrawal latency (PWL, sec) to heat stimuli was 

unaffected by repeated i.t. injection of BD1047 alone or in combination with D-serine. 

***P < 0.001 v.s. the same group on day 0. n = 7–8 mice / group. (C) A graph 

depicting the changes in the pGluN1 and GluN1 is shown in the upper portion, and 

representative Western blot bands illustrating pGluN1 and GluN1 expression are 

presented in the lower portion. I.t. BD1047 administration significantly reduced the 

CCI-induced increase in PKC-dependent pGluN1 and GluN1 expression as compared 

with the vehicle-treated group (VEH). Treatment with exogenous D-serine in 

combination with BD1047 (BD+D-ser) restored the CCI-induced increase in pGluN1 

expression that was originally blocked by BD1047 alone, while the decrease in GluN1 

expression in the BD1047-treated group was unaffected by repeated i.t. injection with 

concomitant BD1047 and D-serine treatment. *P < 0.05, **P < 0.01 v.s. Sham group; 

#P < 0.05, ##P < 0.01 v.s. VEH treated group; ‡P < 0.05 v.s. BD1047 treated group. n 

= 6 mice / group. 
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6. Effect of i.t. administration of LSOS or DAAO on nNOS 

activation in CCI mice 

To determine whether D-serine contributes to the activation of nNOS in CCI 

mice, LSOS or DAAO was intrathecally injected on post-operative days 0-3 (b.i.d., 

during the induction phase) in CCI mice and examined the ratio of phosphorylated 

nNOS to nNOS. Phosphorylation of nNOS (pnNOS) at serine 847 (Ser847) inhibits 

nNOS activity (Rameau et al., 2004; Roh et al., 2011). Because the total protein 

expression of nNOS does not change following sciatic nerve injury, a decrease in the 

ratio of pnNOS to nNOS is considered to reflect an increase in the active forms of 

nNOS. CCI-induced sciatic nerve injury significantly decreased the ratio of pnNOS to 

nNOS, and this decrease was restored by i.t. treatment with LSOS or DAAO (Fig. 2-

6A; *P < 0.05 v.s. Sham group, #P < 0.05 v.s. VEH treated group). Changes in spinal 

NOS activity and NO production were further confirmed by examining changes in 

NADPH-diaphorase staining (Morris et al., 1997) and nitrate concentration, 

respectively. CCI-induced sciatic nerve injury significantly increased the number of 

NADPH-diaphorase-positive cells in the superficial dorsal horn, and this increase was 

attenuated by both LSOS and DAAO treatment (Fig. 2-6B and C; ***P < 0.001 v.s. 

Sham group, ###P < 0.001 v.s. VEH treated group). NADPH-diaphorase-positive 

cells were colocalized with both Fos- and NeuN-immunoreactivity, while there was no 

colocalization of NADPH-diaphorase staining with GFAP or Iba-1 immunostaining. 

CCI-induced sciatic nerve injury significantly increased total NO levels (measured as 

nitrate) as compared with that of the Sham group, and this increase was suppressed by 

treatment with LSOS or DAAO (Fig. 2-6E; *P < 0.05 v.s. Sham group, #P < 0.05, 

##P < 0.01 v.s. VEH treated group). These results indicate that D-serine modulates 

nNOS activity and NO concentrations in the spinal cord dorsal horn of CCI mice.



75 

 

 

 

 

 

 

 

 

 

 

A 

D 

B 

C 

E 



76 

 

Figure 2-6. Western blot analysis (A), NADPH-diaphorase staining (B, C and D), and 

a graph of nitrate concentration (C) illustrating the effect of i.t. administration of the 

Srr inhibitor, LSOS (10 nmol) or the D-serine degrading enzyme, DAAO (0.1 U) on 

nNOS activation and total NO concentration in the lumbar spinal cord dorsal horn in 

mice with chronic constriction injury (CCI)-induced neuropathic pain. (A) A graph 

depicting the % change in the ratio of pnNOS/nNOS is shown in the upper portion, 

and representative Western blot bands for pnNOS and nNOS expression are illustrated 

in the lower portion. *P < 0.05 v.s. Sham group; #P < 0.05 v.s. VEH treated group. n 

= 6 mice / group. (B and C) The black dotted lines in the first panel depict the location 

of each of the three regions analysed in the spinal cord dorsal horn: the superficial 

dorsal horn (SDH, lamina I-II), the nucleus proprius (NP, lamina III-IV) and the neck 

region (NECK, lamina V-VI). Arrows indicate representative NADPH-diaphorase-

positive cells. ***P < 0.001 v.s. Sham group; ###P < 0.001 v.s. VEH treated group. n 

= 6 mice / group. Scale bar = 100 μm. (D) Photomicrographs show the colocalization 

of c-Fos (brown) or NeuN (a marker of neuron, brown) with NADPH-diaphorase 

positive staining (purple) in the spinal cord dorsal horn. There was no colocalization 

of NADPH-diaphorase staining with GFAP (a marker of astrocyte, brown) or Iba-1 (a 

marker of microglia, brown). Scale bar = 25 μm. (E) The CCI-induced increase in 

total NO concentration (measured indirectly as the concentration of its stable 

decomposition product nitrate) in the ipsilateral spinal cord dorsal horns was 

significantly reduced by treatment with LSOS or DAAO. *P < 0.05 v.s. Sham group; 

#P < 0.05, ##P < 0.01 v.s. VEH treated group. n = 4–5 mice / group.  
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7. Effect of coadministration of D-serine and fluorocitrate on 

neuropathic pain in CCI mice  

To test the hypothesis that D-serine released from astrocytes contributes to the 

development of neuropathic pain, spinal astrocytes were inhibited by administration of 

an astrocyte metabolic inhibitor, while coadministering the putative downstream 

effector, D-serine. To accomplish this exogenous D-serine was intrathecally injected 

in combination with, fluorocitrate (FC) on post-operative days 0-3 (b.i.d., during the 

induction phase) in CCI mice. FC (0.03 nmol) administration alone significantly 

attenuated the CCI-induced development of MA (Fig. 2-7A; ***P < 0.001 v.s. VEH 

treated group on day 0, ###P < 0.001 v.s. VEH treated group on day 3). Treatment 

with exogenous D-serine (500 nmol in combination with FC) reversed the effect of 

FC alone and reproduced the effect of astrocyte activation in CCI mice by inducing 

MA (Fig. 2-7A; ‡‡P < 0.01 v.s. FC treated group on day 3). Conversely 

administration of FC alone or in combination with D-serine had no effect on the 

development of CCI-induced TH (Fig. 2-7B; ***P < 0.001 v.s. the same group on day 

0). Next, in order to determine whether nNOS activation and the concomitant NO 

signaling cascade contribute to this D-serine-induced restoration of MA in FC treated 

mice, 7-NI or ODQ was intrathecally injected on post-operative day 3 in FC and D-

serine co-treated mice. Intrathecal administration of 7-NI (200 nmol) or ODQ (300 

pmol) at day 3 post-surgery significantly attenuated CCI-induced MA as compared 

with vehicle-treated mice (Fig. 2-7C; *P < 0.05, **P < 0.01 v.s. VEH treated group). 

These results suggest that activated spinal astrocytes release D-serine, which in turn 

mediates CCI-induced MA via an nNOS/sGC signaling pathway. 
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Figure 2-7. Graphs illustrating the effect of i.t. administration of exogenous D-serine 

(D-ser, 500 nmol) in combination with the astrocyte metabolic inhibitor, fluorocitrate 

(FC, 0.03 nmol) on the development of CCI-induced MA (A) and TH (B) and the 

effect of nNOS or sGC inhibition on CCI-induced MA in FC and D-serine co-treated 

mice (C). (A) Repeated daily administration with FC on postoperative days 0-3 

blocked the CCI-induced increase in paw withdrawal frequency (PWF, %) that 

occurred in vehicle-treated CCI mice (VEH). Treatment with exogenous D-serine in 

combination with FC (FC+D-ser) restored this CCI-induced MA that was blocked by 

FC indicating that D-serine is a downstream effector of astrocyte activation in CCI 

mice. ***P < 0.001 v.s. VEH treated group on day 0; ###P < 0.001 v.s. VEH treated 

group on day 3; ‡‡P < 0.01 v.s. FC treated group on day 3. n = 6 mice / group. (B) 

Conversely, the decrease in paw withdrawal latency (PWL, sec) to heat stimuli was 

unaffected by repeated i.t. injection of FC alone or in combination with D-serine. 

***P < 0.001 v.s. the same group on day 0. n = 6 mice / group. (C) Intrathecal 

administration with 7-NI (200 nmol) or ODQ (300 pmol) at day 3 post-surgery 

attenuated CCI-induced MA in FC and D-serine co-treated mice. *P < 0.05, **P < 

0.01 v.s. VEH treated group. n = 6 mice / group. 
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8. Effect of i.t. administration of 7-NI or ODQ or chelerythrine 

on neuropathic pain and the expression of spinal pGluN1 and 

GluN1 in CCI mice  

To further determine whether nNOS, soluble guanylyl cyclase (sGC, a primary 

biological target for NO) and PKC activation contribute to the development of 

neuropathic pain, 7-NI, ODQ or chelerythrine (CHE) was intrathecally injected on 

post-operative days 0-3 (b.i.d., during the induction phase) in CCI mice. 

Administration of 7-NI (200 nmol), ODQ (300 pmol) or CHE (1 nmol) significantly 

reduced the development of MA as compared to vehicle-treated CCI mice (Fig. 2-8A; 

***P < 0.001 v.s. VEH treated group on day 0, ###P < 0.001 v.s. VEH treated group 

on day 3). Conversely 7-NI, ODQ or CHE treatment had no effect on the development 

of TH in CCI mice (Fig. 2-8B; ***P < 0.001 v.s. the same group on day 0). In 

addition, administration of 7-NI, ODQ or CHE significantly reduced the CCI-induced 

increase in PKC-dependent pGluN1 expression, but not the increase in GluN1 

expression as compared with the vehicle-treated group (Fig. 2-8C; *P < 0.05 v.s. 

Sham group, #P < 0.05 v.s. VEH treated group). These results strongly suggest that 

spinal nNOS/sGC signaling and PKC activation mediate the development of CCI-

induced MA and the potentiation of NMDAR function via increases in PKC-

dependent pGluN1 expression. On the other hand the nNOS/sGC pathway and PKC 

activation do not appear to be involved with CCI-induced TH and the associated 

increase in GluN1 expression. 
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Figure 2-8. Graphs illustrating the effect of i.t. administration of the selective nNOS 

inhibitor, 7-NI (200 nmol), the sGC inhibitor, ODQ (300 pmol) or the PKC inhibitor, 

CHE (1 nmol) on the development of CCI-induced MA (A) and TH (B) and 

expression of PKC-dependent (Ser896) pGluN1 and GluN1 (C) in mice with 

neuropathic pain. (A) Repeated daily 7-NI, ODQ or CHE administration on 

postoperative days 0-3 blocked the increase in paw withdrawal frequency (PWF, %) 

that occurred in vehicle-treated CCI mice (VEH). ***P < 0.001 v.s. the same group on 

day 0; ###P < 0.001 v.s. VEH treated group on day 3. n = 6–9 mice / group. (B) 

However, the decrease in paw withdrawal latency (PWL, sec) to heat stimuli was 

unaffected by repeated i.t. 7-NI, ODQ or CHE injection. ***P < 0.001 v.s. the same 

group on day 0. n = 6–9 mice / group. (C) Western blot analysis illustrating the effect 

of i.t. 7-NI, ODQ or CHE administration on pGluN1 and GluN1 expression in the 

lumbar spinal cord dorsal horn. A graph depicting the changes in the pGluN1 and 

GluN1 is shown in the upper portion, and representative Western blot bands 

illustrating pGluN1 and GluN1 expression are presented in the lower portion. I.t. 7-NI, 

ODQ or CHE administration significantly decreased the level of CCI-induced PKC-

dependent pGluN1 expression as compared with the vehicle-treated group (VEH). 

However, the CCI-induced increase in GluN1 expression was unaffected by repeated 

i.t. 7-NI, ODQ or CHE injection. *P < 0.05 v.s. Sham group; #P < 0.05 v.s. VEH 

treated group. n = 6–8 mice / group. 
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DISCUSSION 

D-serine is an endogenous co-agonist for the glycine site on the GluN1 subunit 

of the NMDA receptor (NMDAR) and is now thought to be closely involved in 

controlling NMDAR activation. NMDAR activation is known to be an essential 

contributor to the process of ‘central sensitization’, particularly to the early 

phosphorylation-dependent phase of central sensitization (Mothet et al., 2000; 

Ultenius et al., 2006). The present study is the first to demonstrate that intrathecal (i.t.) 

administration of exogenous D-serine facilitates NMDA-induced nociceptive 

behaviors. Our results further suggest that this occurs via an increase in PKC-

dependent phosphorylation of the GluN1 subunit (pGluN1) at serine 896 site, which 

results in potentiation of NMDAR function and trafficking to the cell membrane 

(Raymond et al., 1994; Ultenius et al., 2006). Furthermore, repeated daily i.t. 

treatment with the serine racemase inhibitor, LSOS or the D-serine degrading enzyme, 

DAAO significantly reduced not only the development of CCI-induced MA, but also 

the CCI-induced increase in PKC-dependent pGluN1 expression in the dorsal horn. 

Collectively these results demonstrate that D-serine plays an important role in 

modulating the phosphorylation of the NMDAR GluN1 subunit, resulting in 

potentiation of NMDARs and ultimately contributing to the development of MA in 

neuropathic pain. 

It has been suggested that direct activation of spinal Sig-1Rs increases the 

response to peripheral mechanical stimuli and potentiates NMDAR function via an 

increase in the phosphorylation of GluN1 in naïve mice (Kim et al., 2008). Yoon et al. 

has further demonstrated that i.t. administration of the neurosteroid 



84 

 

dehydroepiandrosterone sulfate (DHEAS), an endogenous agonist of Sig-1Rs, 

facilitates NMDA-induced nociceptive behaviors via an increase in pGluN1 

expression (Yoon et al., 2010). In the present study, i.t. administration of the Sig-1R 

agonist, PRE084 increased NMDA-induced nociceptive behaviors, which were 

significantly reduced by pretreatment with DAAO or the astrocyte metabolic inhibitor, 

fluorocitrate. Based on these results, there is a possibility that the acute activation of 

spinal Sig-1Rs induced by either a Sig-1R agonist or an endogenous neurosteroid can 

enhance the release of D-serine from astrocytes and contribute to the increase in spinal 

pGluN1 and ultimately to the development of MA. In the present study, the inhibitory 

effect of the Sig-1R antagonist, BD1047 on pGluN1 expression in CCI mice is 

reversed by i.t. coadministration of exogenous D-serine. These results are consistent 

with our previous data demonstrating that Sig-1R activation significantly modulates 

spinal D-serine production in astrocytes via modulation of Srr expression (Moon et al., 

2015). Collectively these data provide strong evidence to support the hypothesis that 

D-serine is an important spinal mediator of the Sig-1R-induced facilitation of the 

NMDAR response. 

The Sig-1R has been identified as a unique ligand-regulated molecular chaperone 

in the endoplasmic reticulum (ER) of cells. Sig-1Rs translocate from the ER to the 

plasma membrane where they modulate ligand-gated ion channels including the 

NMDAR (Su et al., 2010; Su et al., 2009). Pabba et al. reported that Sig-1R activation 

leads to an increased in the expression of GluN2 subunits, as well as trafficking of 

NMDARs to the cell surface in the rat hippocampus (Pabba et al., 2014). In addition, 

it has also been reported that high concentrations of Sig-1R ligands potentiate 

NMDAR responses by down-regulating small conductance calcium-activated K+ (SK) 
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channels (Martina et al., 2007). Even though it has been reported that increased 

expression of Sig-1R occurs exclusively in astrocytes in the spinal cord of CCI mice 

in a previous study (Moon et al., 2014), the possibility exists that Sig-1Rs are not 

exclusively localized to astrocytes or that their distribution might change depending 

on a number of factors including the animal model, the type of pathophysiology, or 

the nervous system location being examined. Therefore, depending on a situation, Sig-

1Rs could modulate NMDAR activation directly as a chaperone or they could 

interfere with the conformation or the availability of the D-serine binding site as it 

relates to the NMDAR. 

Nitric oxide, which is synthesized by nNOS and iNOS in the spinal cord also 

plays an important role in central sensitization. The activity of nNOS is modulated by 

a number of diverse factors, but phosphorylation at the serine 847 site of nNOS 

significantly decreases the activity of this enzyme (Alderton et al., 2001; Rameau et 

al., 2004), since phosphorylation at this site interrupts the binding of the 

Ca2+/calmodulin to nNOS, which is a critical step in the initiation of nNOS activation 

(Roman and Masters, 2006). In this regard, a decrease in the phosphorylated forms of 

nNOS at serine 847 is considered to represent an increase in the active forms of nNOS 

enzymes. Since the total amount of nNOS protein is not changed in the spinal cord 

dorsal horn of CCI mice at 3 days post-injury, the potential decrease in the ratio of 

pnNOS to nNOS expression was evaluated as an indicator of an increase in nNOS 

activation. Changes in NADPH-diaphorase staining in the spinal cord dorsal horn was 

further evaluated as an indirect measure of NOS activity as previously reported 

(Morris et al., 1997). In the present study, peripheral nerve injury significantly 

decreased the ratio of pnNOS to nNOS expression and also increased both the number 
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of NADPH-diaphorase-positive neurons and total NO concentration in the spinal cord 

dorsal horn. Since these CCI-induced changes were totally blocked by the repeated 

daily administration of LSOS or DAAO, this suggests that D-serine is involved in this 

NO-mediated process. In this regard NMDAR activation increases Ca2+ influx, which 

is an important factor in the activation of calcineurin, a phosphatase that catalyzes the 

dephosphorylation of nNOS and thus, D-serine-induced NMDAR activation could be 

linked to the modulation of nNOS activity. Activation of guanylyl cyclase appears to 

be the critical step in NO’s role in the induction of central sensitization through 

increases in neuronal excitability (Bogdan, 2001) and D-serine may be one of several 

molecular switches that affect nNOS/NO signaling cascades that ultimately regulate 

NMDAR activation in the spinal cord dorsal horn. 

In the present study, NO-sGC signaling was shown to modulate PKC-dependent 

pGluN1 expression in the spinal cord dorsal horn of CCI mice. Several reports have 

suggested that NO donors selectively activate the PKCα isoform in kidney cells and 

the PKCε isoform in the heart (Liang and Knox, 1999; Ping et al., 1999). PKCα is a 

conventional subtype, which is Ca2+- and diacylglycerol (DAG)-dependent, while 

PKCε is a novel subtype, which is Ca2+-independent and DAG-dependent (Way et al., 

2000). Wright and coworkers (Wright et al., 1996) reported that NO can modulate the 

activation of phospholipase C (PLC), an enzyme that synthesizes both DAG and IP3, 

in response to external oxidant stress, and thus, it is plausible that PKCα and/or PKCε 

may be regulated by NO indirectly. In our previous study, both PKCα and PKCε 

isoforms are activated by Sig-1Rs activation and play critical roles in the Sig-1R-

induced increases in pGluN1 and nociception (Roh et al., 2008a; Roh et al., 2010). 

Furthermore, there is converging evidence from several laboratories that the PKCγ 



87 

 

isoform is primarily associated with the production of MA after peripheral nerve 

injury (Malmberg AB et al., 1997; Zou et al., 2011). Since PKCγ immunoreactivity is 

confined to interneurons of the inner part of lamina II, where the positive NADPH-

diaphorase staining exists, it is plausible that nNOS-induced NO modulates the PKCγ 

isoform regulating the integration process of noxious and non-noxious inputs to dorsal 

horn neurons, which contributes to the development of MA (Malmberg AB et al., 

1997). Based on these data, further research is needed to investigate the underlying 

mechanisms of NO-induced PKC activation. Moreover, i.t. administration of D-serine 

increased PKC-dependent pGluN1 expression via nNOS activation, while PKA-

dependent pGluN1 was not affected by D-serine. These results imply that 

phosphorylation of NMDARs is regulated by the activation of PKC and/or PKA 

through different mechanisms. 

Results of this study show that the CCI-induced increase in the total protein 

expression of the NMDAR GluN1 subunit is modulated by Sig-1Rs activation, but 

neither D-serine nor nNOS alters this increase in GluN1 expression. Based on work 

with primary cortical cultures, Lau and coworkers suggested that the transcription of 

GluN1 is regulated by PKA signaling via binding of the cAMP response element 

binding protein (CREB) to the endogenous GluN1 gene (Lau et al., 2004). A recent 

study by Zhang and colleagues provided evidence that the translocation of CREB into 

nucleus (and thus activation of the CREB pathway) can be induced by 

methamphetamine activation of Sig-1Rs in primary rat astrocytes (Zhang et al., 2015). 

Moreover, to generate functional NMDAR ion channel complexes, the NMDAR 

subunits must first be assembled in the ER and then released from the ER before 

trafficking to the cell surface. Sig-1Rs have been suggested to perform a chaperoning 
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function in the ER and to bind directly to the GluN1 subunit, likely modulating 

NMDAR trafficking and function (Balasuriya et al., 2013; Su et al., 2010). It has been 

shown that the activation of Sig-1Rs increase both PKC- and PKA-dependent pGluN1 

expression in the spinal cord dorsal horn (Roh et al., 2011), which has been suggested 

to serve as a novel control mechanism to suppress ER retention and facilitate surface 

expression of GluN1 (Scott et al., 2003). Thus, it could be possible that the Sig-1Rs 

activation modulates GluN1 expression not only at the transcriptional level, but also at 

the post-translational level, through mechanisms that involve CREB and/or protein 

kinase pathways. However, the precise mechanisms involved will require further 

investigation. 

It was found that inhibition of Sig-1Rs, D-serine or nNOS significantly 

suppressed the development of MA in neuropathic mice, but had no effect on CCI-

induced TH in these animals. These results suggest that Sig-1R-induced D-serine and 

nNOS signaling in the spinal cord are more important factors in the development of 

CCI-induced MA but not TH. This is consistent with several reports suggesting that 

different mechanisms are associated with the development of MA versus TH (Bian et 

al., 1998; Roh et al., 2008b). In contrast, several studies have demonstrated that 

inhibition of NO signaling significantly attenuates TH in animal models of pain 

(Ferreira et al., 1999; Handy and Moore, 1998), but this did not occur in our study. 

This discrepancy may be due to the difference in the animal models being examined 

and the different time course of nociception in each model, to the different behavioral 

assays used to evaluate nociception and/or to the nervous system location being 

examined. These differences require further investigation to clarify the role that NO 

plays in the development and maintenance of MA and TH in different models of pain. 
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The present study demonstrates that both D-serine and NO are downstream 

effectors of CCI-induced Sig-1R activation in the spinal cord and mediate Sig-1R 

effects on both CCI-induced PKC-dependent phosphorylation of the NMDAR GluN1 

subunit and the development of CCI-induced MA. In this regard D-serine induces an 

increase in the nNOS/NO signaling cascade, which contributes to the enhancement of 

NMDA-induced nociceptive behaviors and the development of CCI-induced MA. 

Because spinal NMDARs play an important role in nociceptive processing and are 

implicated in central sensitization, this study opens interesting possibilities for further 

investigations into the mechanisms underlying Sig-1R-induced spinal pain 

transmission mediated by D-serine and more importantly for potential therapeutic use 

of both Sig-1R and D-serine antagonists to treat neuropathic pain conditions. 
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CHAPTER 3 

 

 

 

The role of sigma-1 receptor-induced Nox2 activation in the 

development of neuropathic pain 
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ABSTRACT 

It has been demonstrated that spinal sigma-1 receptors (Sig-1Rs) mediate pain 

hypersensitivity in mice and neuropathic pain in rats. In this study, the role of NADPH 

oxidase 2 (Nox2)-induced reactive oxygen species (ROS) on Sig-1R-induced pain 

hypersensitivity and the induction of chronic neuropathic pain is examined. 

Neuropathic pain was produced by chronic constriction injury (CCI) of the right 

sciatic nerve in rats. Mechanical allodynia and thermal hyperalgesia were evaluated in 

mice and CCI-rats. Western blotting and dihydroethidium (DHE) staining were 

performed to assess the changes in Nox2 activation and ROS production in spinal 

cord, respectively. Direct activation of spinal Sig-1Rs with the Sig-1R agonist, 

PRE084 induced mechanical allodynia and thermal hyperalgesia, which were dose-

dependently attenuated by pretreatment with the ROS scavenger, NAC or the Nox 

inhibitor, apocynin. PRE084 also induced an increase in Nox2 activation and ROS 

production, which were attenuated by pretreatment with the Sig-1R antagonist, 

BD1047 or apocynin. CCI-induced nerve injury produced an increase in Nox2 

activation and ROS production in the spinal cord, all of which were attenuated by 

intrathecal administration with BD1047 during the induction phase of neuropathic 

pain. Furthermore, administration with BD1047 or apocynin reversed CCI-induced 

mechanical allodynia during the induction phase, but not the maintenance phase. 

These findings demonstrate that spinal Sig-1Rs modulate Nox2 activation and ROS 

production in the spinal cord, and ultimately contribute to the Sig-1R-induced pain 

hypersensitivity and the peripheral nerve injury-induced induction of chronic 

neuropathic pain.  
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INTRODUCTION 

The sigma-1 receptors (Sig-1Rs) have been recognized as a unique ligand-

operated receptor predominantly localized to the endoplasmic reticulum in cells of the 

nervous system and Sig-1Rs have been shown to play an important role in pain 

sensitization (Alonso et al., 2000; Maurice and Su, 2009; Su and Hayashi, 2003). It 

has been previously reported that intrathecal administration of a Sig-1R antagonist, 

BD1047 attenuates formalin-induced pain and chronic constriction injury (CCI)-

induced induction of neuropathic pain (Kim et al., 2006; Roh et al., 2008b). This is 

consistent with data showing that Sig-1Rs are essential for capsaicin-induced and 

partial sciatic nerve injury-induced pain hypersensitivity using Sig-1R knockout mice 

(de la Puente et al., 2009; Entrena et al., 2009). Recently, it has been suggested that 

systemic administration of a new selective Sig-1R antagonist, S1RA also inhibits 

formalin-, capsaicin-, and sciatic nerve injury-induced pain hypersensitivity (Romero 

et al., 2012). In addition, it has been shown that direct activation of the spinal Sig-1R 

induces pain hypersensitivity, which involves calcium (Ca2+)-dependent second 

messenger cascades, including protein kinase C (PKC) activation, and PKC-

dependent phosphorylation of the NMDA receptor GluN1 subunit (pGluN1) in spinal 

cord (Roh et al., 2011; Roh et al., 2008). 

Reactive oxygen species (ROS) are molecules and ions of oxygen that have an 

unpaired electron, rendering them extremely reactive. Thus, they interact with a large 

number of molecules leading to alterations in the function of the target molecules 

(Bedard and Krause, 2007). ROS have been suggested as important modulators of 

persistent pain, including neuropathic and capsaicin-induced inflammatory pain, and 

they have also been implicated in NMDA receptor activation via enhancement of 

spinal pGluN1s, which is an essential step in central sensitization (Gao et al., 2007; 
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Kim et al., 2004; Schwartz et al., 2008). Recent studies suggest that NADPH oxidase 

(Nox) is the first identified enzyme system that generates ROS as its primary function 

and is also important during pain sensitization (Bedard and Krause, 2007; Kallenborn-

Gerhardt et al., 2012). In mice lacking Nox1, nociceptive behavior induced by 

intraplantar injection of the carrageenan is significantly attenuated (Ibi et al., 2008). 

Nox2 expression in spinal microglia or Nox4 expression in peripheral nerves is 

increased after peripheral nerve injury, which contributes to the initiation or 

maintenance of the neuropathic pain, respectively (Kallenborn-Gerhardt et al., 2012; 

Kim et al., 2010).  

Among several homologs of Nox identified so far, Nox2 activation can be 

induced by elevated intracellular Ca2+ concentration and the activation of Ca2+-

activated protein kinases, particularly PKC, which plays a critical role in Nox2 

activation (Raad et al., 2009). As previously described, spinal Sig-1R activation 

modulates intracellular Ca2+ signaling by promoting the efflux of Ca2+ into the 

cytoplasm, leading to an increase in PKC activity, which results in potentiation of 

NMDA receptor function (Monnet, 2005; Roh et al., 2011; Roh et al., 2008). Although 

it has been documented that Sig-1R activation in the spinal cord mediates induction of 

the chronic neuropathic pain after peripheral nerve injury, there is limited 

understanding of the cellular mechanisms relating to Sig-1R-mediated pain facilitation. 

Moreover, it has been suggested that Nox2 activation is related to pain sensitization, 

but the receptor or upstream signaling involved in the modulation of spinal Nox2 

activation is poorly understood, particularly in the case of nociceptive signaling. In 

this respect, the present study was focused on the potential role of spinal Nox2 

activation in Sig-1R mediated pain facilitation. 

The main purpose of this study was to investigate whether spinal Sig-1Rs 
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modulate Nox2 activation and the concomitant ROS production, ultimately leading to 

the induction of pain hypersensitivity in mice and chronic pain in a rat model of 

neuropathic pain. In this regard, it was examined whether: (1) direct activation of the 

spinal Sig-1R using the agonist, PRE084 in naïve mice induces Nox2 activation and 

ROS production; (2) pretreatment with the ROS scavenger, NAC or with the Nox 

inhibitor, apocynin reduces Sig-1R-induced pain hypersensitivity; (3) CCI in sciatic 

nerve induces spinal cord Nox2 activation and accompanying ROS production, which 

contributes to the CCI-induced increase in GluN1 phosphorylation and induction of 

the neuropathic pain in rats; and finally (4) these CCI-induced changes are inhibited 

by time-dependent administration of the Sig-1R antagonist, BD1047. 
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MATERIALS AND METHODS 

Experimental animals 

Male ICR mice (20-25 g) and Sprague-Dawley rats (180-200 g) were purchased 

from the Laboratory Animal Center of Seoul National University (Seoul, Republic of 

Korea). Maintaining condition is identical with those of Chapter 1. 

 

Peripheral nerve injury model 

Chronic constriction injury (CCI) of the right sciatic nerve in rats based on the 

method described by Bennett and Xie (1988). The right sciatic nerve of anesthetized 

rat was exposed at the mid-thigh level and four loose ligatures of 4-0 chromic gut 

were tied around the nerve and spaced apart from each other by 1.0- to 1.5-mm 

separations. In the sham group the sciatic nerve was exposed in the same manner, but 

without ligation of the nerve. 

 

Drugs and i.t. administration 

The following drugs were used: 2-(4-morpholinethyl)1-

phenylcyclohexanecarboxylate (PRE084; 3 nmol), a sigma-1 receptor agonist; N-[2-

(3,4-dichlorophenyl)ethyl]-N-methyl-2-(dimethylamino) ethylamine dihydro-bromide 

(BD1047; 100 nmol), a sigma-1 receptor antagonist; N-Acetyl-L-cysteine (NAC; 30, 

100, 300 nmol), a ROS scavenger; 4′-Hydroxy-3′-methoxyacetophenone 

(apocynin; 10, 30, 100 nmol), a NADPH oxidase inhibitor; 7-nitroindazole (7-NI; 200 

nmol), a specific nNOS inhibitor. PRE084 and BD1047 were supplied from Tocris 

Cookson Ltd. (Bristol, UK), and NAC, apocynin and 7-NI from Sigma–Aldrich (St. 

Louis, MO). The doses of PRE084, BD1047 and 7-NI were based on our previous 
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studies showing that these doses produce maximal effects with no detectable side-

effects (Roh et al., 2011; Roh et al., 2008). The doses of NAC and apocynin were 

selected based on doses previously used in the literature (Doyle et al., 2010; 

MacFarlane et al., 2011). Apocynin was dissolved in 5% DMSO in physiological 

saline and 7-NI was dissolved in 5% DMSO in Corn oil. All drugs except apocynin 

and 7-NI were dissolved in physiological saline. 

The procedure of i.t. drug administration was performed in unanesthetized naïve 

mice and CCI rats that were anesthetized with 3% isoflurane in a mixture of N2O/O2 

gas according to the method described in Chapter 1. A 26-gauge needle was used in 

neuropathic rats. All drugs injected into mice were dissolved in 5 µl of vehicle and 

were administered 10 minutes before PRE084 injection. All drugs for rats were 

dissolved in 15 µl of vehicle and were administered twice a day on postoperative days 

0-5 (the induction phase of neuropathic pain) or postoperative days 15-20 (the 

maintenance phase of neuropathic pain). The control groups received only vehicle 

injection. 

 

Behavioral assessments 

Experimental method for mechanical allodynia assay was identical with that of 

Chapter 1. The 0.16 g or 2.0 g von Frey filament was used for mice or rats, 

respectively. Thermal hyperalgesia was examined using a hot-plate apparatus in naive 

mice and a plantar analgesia meter in neuropathic rats as described in Chapter 1 and 

Chapter 2, respectively. Behavioral assessments in mice were performed before and at 

30, 60, and 120 min after PRE084 (or vehicle) administration. Behavioral assessments 

in rats were performed before and at 1, 3, 4, and 5 days (induction phase) after CCI 
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surgery in one set of rats or before and at 5, 10, 15, 18, and 20 days (maintenance 

phase) after surgery in a second set of CCI rats. 

 

Western blot assay 

Animals were euthanized before or at 30, 60, or 120 min after PRE084 

administration in mice and at 5 or 20 days after surgery in rats. Experimental 

procedures for collection of spinal cord are identical with those of Chapter 1. For 

preparation of Nox2 subunit p47phox membrane fraction, the right and left spinal 

dorsal horns in mice or ipsilateral spinal dorsal horn in rats were homogenized in lysis 

buffer (20mM Tris-HCl, 10mM EGTA, 2mM EDTA, pH 7.4, and proteinase 

inhibitors). Homogenates were centrifuged at 15,000 rpm for 40 min at 4°C and, then, 

the pellet was re-suspended in lysis buffer containing 1% Triton X-100. For 

preparation of total proteins, the spinal dorsal horns were homogenized first in lysis 

buffer containing 1% Triton X-100. Homogenates were subsequently centrifuged 

using the same method as described above and the supernatant was used for Western 

blot analysis. 

Spinal cord homogenates (25 - 35 µg protein) were separated and transferred to 

nitrocellulose membrane. The membranes were blocked with 5% skimmed milk for 1 

h at RT and incubated at 4°C overnight with a primary antibody specific for pan-

cadherin (rabbit polyclonal anti-pan-cadherin antibody, 1:1k, cat# 10733, Santa Cruz 

Biotechnology Inc.), p47phox (rabbit polyclonal anti-p47phox antibody, 1:1k, cat# 

14015, Santa Cruz Biotechnology Inc.), pGluN1 Ser896 (rabbit polyclonal anti-

pGluN1 Ser896 antibody, 1:1k, cat# 06–640, Upstate Biotechnology.; this antibody is 

specific for rabbit GluN1 phosphorylated on serine 896), or β-actin (mouse 
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monoclonal anti-β-actin antibody, 1:2k, cat# 47778, Santa Cruz Biotechnology Inc.). 

After washing with TBST, membranes were incubated for 4 h with horseradish 

peroxidase (HRP)-conjugated anti-rabbit or anti-mouse antibody (1:10k, Santa Cruz 

Biotechnology Inc.). 

 

Detection of in situ generation of ROS 

To detect in situ generation of ROS in the spinal cord, dihydroethidium (DHE) 

staining was performed as previously described (Aoyama et al., 2008). Animals were 

euthanized before or at 30, 60, or 120 min after PRE084 injection in mice or at 5 days 

post-CCI surgery in rats. The lumbar spinal cord was collected and embedded in 

Tissue-Tek O.C.T. compound (Sakura Finetechnical Co.) and then frozen immediately 

in liquid nitrogen. Spinal cord segments were cut into 40 μm thick transverse sections 

and placed on a glass slide. DHE (1 nM, cat# D-1168; Invitrogen) was topically 

applied to each section and cover-slipped. Slides were incubated in a dark, humidified 

chamber at 37°C for 30 min. DHE is oxidized by superoxide to ethidium bromide, 

which binds to the DNA and emits red fluorescence (Aoyama et al., 2008). The red 

fluorescence was detected through a 580 nm long-pass filter, using a fluorescence 

microscope (Zeiss Axioscope, Hallbergmoos, Germany) and digitally recorded with a 

cooled CCD camera (Micromax Kodak 1317; Princeton Instruments, AZ). For 

quantitative analysis of red fluorescence, spinal cord sections were analyzed according 

to the method described in Chapter 1. 

 

Statistical analysis 

The statistical analyzing methods are identical with those of Chapter 1. 



99 

 

RESULTS 

1. Intrathecal PRE084 administration in mice induces 

mechanical allodynia, thermal hyperalgesia, and ROS 

production 

The intrathecal administration of the Sig-1R agonist, PRE084 (PRE, 1, 3, or 10 

nmol) dose-dependently increased the paw withdrawal frequency (PWF) to innocuous 

mechanical stimuli (mechanical allodynia) and decreased the paw withdrawal latency 

(PWL) to noxious heat stimuli (thermal hyperalgesia) at both the 30 and 60 min time 

points post-injection (Fig. 3-1A and B; *P < 0.05, **P < 0.01, ***P < 0.001 vs. VEH 

treated group). In addition, dihydroethidium (DHE)-derived fluorescence was 

increased in the superficial dorsal horn (SDH, laminae I–II) at the 30 and 60 min time 

points after PRE084 (3 nmol, a dose selected because of its maximal effect on pain) 

administration (Fig. 3-1C and D; *P < 0.05, ***P < 0.001 vs. 0min).  
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Figure 3-1. The effects of i.t. administration of the sigma-1 receptor agonist, PRE084 

(PRE) on the induction of pain hypersensitivity (A and B) and ROS production (C and 

D) in mice. (A and B) Paw withdrawal frequency (PWF, %) and paw withdrawal 

latency (PWL, sec) were measured at 0, 30, 60, and 120 min after PRE (1, 3, or 10 

nmol) injection using a von-Frey filament (0.16 g) and hot plate test (55±0.5°C), 

respectively. n = 4–9 mice / group. (C) Time course of ROS production in the lumbar 

spinal cord dorsal horn of the PRE (3 nmol)-treated mice was detected with 

dihydroethidium (DHE) staining. (D) Fluorescence intensity of DHE in the superficial 

dorsal horn (SDH, lamina I–II), nucleus proprius (NP, lamina III–IV), and neck region 

(NECK, lamina V–VI) of mice was quantitated using an image analysis system. The 

lumbar dorsal horn was sampled at 0, 30, 60, and 120 min after PRE injection. Scale 

bar = 200 μm. *P < 0.05, **P < 0.01, ***P < 0.001 vs. VEH or 0min. n = 3–4 mice / 

group. 
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2. Intrathecal NAC or apocynin attenuates PRE084-induced 

mechanical allodynia and thermal hyperalgesia in mice 

To determine whether the increased ROS production is involved in Sig-1Rs-

induced pain hypersensitivity and the ROS are produced by NADPH oxidase (Nox) 

activation, the effects of the pretreatment with the ROS scavenger, NAC or the Nox 

inhibitor, apocynin on the PRE084-induced pain hypersensitivity were examined. 

Intrathecal pretreatment with NAC (30, 100, and 300 nmol) or apocynin (APO, 10, 30, 

and 100 nmol) dose-dependently suppressed PRE084 (3 nmol)-induced mechanical 

allodynia (Fig. 3-2A and B; ***P < 0.001 vs. VEH+VEH, #P < 0.05, ##P < 0.01, 

###P < 0.001 vs. VEH+PRE). PRE084-induced thermal hyperalgesia was also 

ameliorated by pretreatment with NAC (300 nmol) or apocynin (100 nmol) (Fig. 3-2C 

and D; *P < 0.05, **P < 0.01 vs. VEH+VEH, #P < 0.05, ##P < 0.01 vs. VEH+PRE). 

The intrathecal injection of these inhibitors alone (NAC+VEH or APO+VEH), in the 

absence of PRE084, had no effect on PWF and PWL as compared with the 

VEH+VEH group. 
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Figure 3-2. The time course of the inhibitory effect of intrathecal pretreatment with 

the ROS scavenger, NAC or the Nox inhibitor, apocynin (APO) on PRE084 (PRE)-

induced mechanical allodynia (A and B) and thermal hyperalgesia (C and D) in mice. 

(A and B) Paw withdrawal frequency (PWF, %) and (C and D) paw withdrawal 

latency (PWL, sec) were measured at 0, 30, 60, and 120 min after PRE injection using 

a von-Frey filament (0.16 g) and hot plate test (55±0.5°C), respectively. NAC or APO 

was administered 10 min before PRE injection. *P < 0.05, **P < 0.01, ***P < 0.001 

vs. VEH+VEH; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. VEH+PRE. n = 7–12 mice / 

group. 
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3. Intrathecal pretreatment with BD1047, apocynin or 7-NI 

suppresses PRE084-induced Nox2 activation 

To further investigate whether direct sig-1Rs activation can modulate the spinal 

NADPH oxidase 2 (Nox2) activation, the time course of PRE084-induced changes in 

Nox2 activity was examined by measuring the membrane fraction of spinal Nox2 

subunit p47phox using a Western blot assay. Intrathecal administration of PRE084 (3 

nmol) significantly increased the ratio of membrane (M) to total (T) protein 

expression of Nox2 subunit p47phox, which indicates an increase in the active form of 

Nox2, at the 30 min time point after injection as compared with that of the non-

treatment group (0 min) (Fig. 3-3A; *P < 0.05 vs. 0 min). To further investigate 

whether the changes illustrated in Fig. 3-3A resulted from direct activation of Sig-1Rs, 

the effect of intrathecal pretreatment with the Sig-1R antagonist, BD1047 on the 

PRE084-induced increase in Nox activity was examined. Intrathecal pretreatment 

with BD1047 (100 nmol, BD+PRE) significantly suppressed the PRE084-induced 

increase in the ratio of membrane (M) to total (T) protein expression of p47phox 30 

min post-PRE084 injection (Fig. 3-3B; *P < 0.05 vs. VEH+VEH, #P < 0.05 vs. 

VEH+PRE). In addition, i.t. pretreatment with apocynin (100 nmol, APO+PRE) or 7-

nitroindazole (200 nmol, 7-NI+PRE) significantly suppressed the PRE084-induced 

increase in the ratio of membrane (M) to total (T) protein expression of p47phox 30 

min post-PRE084 injection (Fig. 3-3C and D; *P < 0.05 vs. VEH+VEH, #P < 0.05 vs. 

VEH+PRE). No significant changes were detected in total fraction of p47phox in each 

group. 
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Figure 3-3. The time-dependent effect of i.t. administration of the sigma-1 receptor 

agonist, PRE084 (PRE) on the Nox2 subunit p47phox expression (A) and the effect of 

i.t. pretreatment with the sigma-1 receptor antagonist, BD1047 (BD), the Nox 

inhibitor, apocynin (APO) or the nNOS inhibitor, 7-nitroindazole (7-NI) on the PRE-

induced changes in Nox2 subunit p47phox expression (B–D) in mice. (A–D) Nox2 

subunit p47phox expression in the lumbar spinal cord dorsal horn was measured by 

Western blot analysis. The graphs depicting the changes in the ratio of membrane (M) 

to total (T) protein expression of p47phox are shown in the upper portion, while 

representative immunoblots of p47phox and β-actin expression are presented in the 

lower portion. The lumbar dorsal horn was sampled at 0, 30, 60, or 120 min (A) and at 

30 min (B–D) after PRE injection. *P < 0.05 vs. VEH+VEH; #P < 0.05 vs. 

VEH+PRE. n = 4–8 mice / group. 
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4. Intrathecal pretreatment with BD1047, apocynin or 7-NI 

suppresses PRE084-induced ROS production 

Dihydroethidium (DHE)-derived fluorescence in the superficial dorsal horn 

(SDH, lamina I–II) was significantly increased by administration with PRE084 

(VEH+PRE, 3 nmol; Fig. 3-4A), which was decreased by pretreatment with BD1047 

(BD+PRE, 100 nmol; Fig. 3-4B), apocynin (APO+PRE, 100 nmol; Fig. 3-4C) or 7-NI 

(7-NI+PRE, 200 nmol; Fig.3-4D) (Fig. 3-4E; ***P < 0.001 vs. VEH+VEH, #P < 0.05, 

##P < 0.01 vs. VEH+PRE). Importantly the intrathecal injection of these inhibitors 

alone (BD+VEH or APO+VEH), in the absence of PRE084, had no effect on p47phox 

or ROS production in comparison to the VEH+VEH group. 
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Figure 3-4. The effect of i.t. pretreatment with the sigma-1 receptor antagonist, 

BD1047 (BD), the Nox inhibitor, apocynin (APO) or the nNOS inhibitor, 7-

nitroindazole (7-NI) on the PRE084 (PRE)-induced changes in ROS production in 

mice. (A–D) ROS production in the lumbar spinal cord dorsal horn was detected with 

dihydroethidium (DHE) staining. Representative fluorescence marked with arrowhead 

in A. Magnified image is shown in rectangles. (E) Fluorescence intensity of DHE in 

the superficial dorsal horn (SDH, lamina I–II), nucleus proprius (NP, lamina III–IV), 

and neck region (NECK, lamina V–VI) of mice was quantitated using an image 

analysis system. The lumbar dorsal horn was sampled at 30 min after PRE injection. 

Scale bar = 200 μm. ***P < 0.001 vs. VEH+VEH; #P < 0.05, ##P < 0.01 vs. 

VEH+PRE. n = 3–5 mice / group. 
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5. Intrathecal BD1047 or apocynin given during the induction 

phase inhibits mechanical allodynia, but not thermal 

hyperalgesia in CCI rats 

CCI-induced sciatic nerve injury significantly increased paw withdrawal 

frequency (PWF, %) to innocuous mechanical stimuli (mechanical allodynia) and 

decreased paw withdrawal latency (PWL, sec) to noxious heat stimuli (thermal 

hyperalgesia) as compared with that of the sham group (Fig. 3-5A and B; **P < 0.01, 

***P < 0.001 vs. sham). Repeated daily administration with BD1047 (BD, 100 nmol) 

or apocynin (APO, 100 nmol) from days 0 to 5 (during the induction phase, twice a 

day) after CCI-surgery (CCI+BD or CCI+APO) significantly attenuated the induction 

of the mechanical allodynia (Fig. 3-5A), but not the thermal hyperalgesia (Fig. 3-5B) 

as compared to vehicle-treated CCI rats (CCI+VEH) (#P < 0.05, ###P < 0.001 vs. 

CCI+VEH). 

To investigate the potential mechanism underlying the Sig-1R-associated 

mechanical allodynia in CCI rats, spinal Nox2 activity was examined by measuring 

the Nox2 subunit p47phox expression in both the membrane (M) and total (T) fraction 

of the spinal dorsal horn using a Western blot assay. CCI-induced sciatic nerve injury 

caused an increase in p47phox expression in the membrane fraction as well as the 

total fraction at day 5 after surgery (Fig. 3-5C; *P < 0.05 vs. sham). Repeated BD1047 

treatment suppressed this increase in both the membrane and the total fraction (Fig. 3-

5C; #P < 0.05, ##P < 0.01 vs. CCI+VEH). The pan-cadherin expression was used as a 

marker of protein expression in the membrane fraction. In addition, repeated daily 

administration of apocynin significantly reduced the CCI-induced increase in 

expression of PKC-dependent pGluN1 expression as compared to vehicle-treated CCI 

rats (Fig. 3-5D; ***P < 0.001 v.s. sham, ##P < 0.01 v.s. CCI+VEH). 
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Figure 3-5. The effect of repeated i.t. administration of the sigma-1 receptor 

antagonist BD1047 (BD) or the Nox inhibitor apocynin (APO) on the induction phase 

(days 0-5 after surgery) of mechanical allodynia (A), thermal hyperalgesia (B), Nox2 

subunit p47phox expression (C), or PKC-dependent pGluN1 expression (D) in CCI 

rats. (A and B) Paw withdrawal frequency (PWF, %) and paw withdrawal latency 

(PWL, sec) were measured at 0, 1, 3, 4, and 5 days after surgery using a von-Frey 

filament (2.0 g) and plantar paw-flick latency test, respectively. n = 5–8 rats / group. 

(C) Nox2 subunit p47phox expression in the ipsilateral dorsal horn was measured by 

Western blot analysis. A graph depicting the change in p47phox expression is shown 

in the upper portion, while representative immunoblots of pan-cadherin in the 

membrane (M) fraction, p47phox in the membrane (M) and total (T) fraction, and β-

actin expression are presented in the lower portion. The lumbar dorsal horn was 

sampled at day 5 post-surgery. *P < 0.05, **P < 0.01, ***P < 0.001 vs. sham; #P < 

0.05, ##P < 0.01 ###P < 0.001 vs. CCI+VEH. n = 5–7 rats / group. (D) PKC-

dependent pGluN1 expression in the ipsilateral dorsal horn was measured by Western 

blot analysis. A graph depicting the change in pGluN1 expression is shown in the 

upper portion, while representative immunoblots of pGluN1 and β-actin expression 

are presented in the lower portion. ***P < 0.001 vs. sham; ##P < 0.01 vs. CCI+VEH. 

n = 5 rats / group.
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6. Intrathecal BD1047 given during the induction phase 

inhibits spinal ROS production in CCI rats 

I next examined the effects of the BD1047 treatment on ROS production in the 

lumbar dorsal horn of CCI rats. The effect of BD1047 (100 nmol) administration on 

CCI-induced ROS production is shown in Fig. 3-6. DHE-derived fluorescence was 

significantly increased in the superficial dorsal horn (SDH, lamina I–II) and nucleus 

proprius (NP, lamina III–IV) region in the spinal dorsal horn of CCI rats (CCI+VEH; 

Fig. 3-6B) at day 5 after surgery. This increase was significantly decreased by 

repeated BD1047 treatment (CCI+BD; Fig. 3-6C) (Fig. 3-6D; **P < 0.01, ***P < 

0.001 vs. sham, #P < 0.05, ###P < 0.001 vs. CCI+VEH). 



114 

 

 

Figure 3-6. The effects of repeated i.t. administration of the sigma-1 receptor 

antagonist, BD1047 (BD) on ROS production during the induction phase of 

neuropathic pain (days 0-5 after surgery) in CCI rats. (A–C) ROS production in the 

ipsilateral dorsal horn was detected with dihydroethidium (DHE) staining. 

Representative fluorescence marked with arrowhead in B. Magnified image is shown 

in rectangles. (D) Fluorescence intensity of DHE in the superficial dorsal horn (SDH, 

lamina I–II), nucleus proprius (NP, lamina III–IV), and neck region (NECK, lamina 

V–VI) of rats was quantitated using an image analysis system. The lumbar dorsal horn 

was sampled at day 5 post-surgery. Scale bar = 200 μm. **P < 0.01, ***P < 0.001 vs. 

sham; #P < 0.05, ###P < 0.001 vs. CCI+VEH. n = 3 rats / group. 



115 

 

7. Intrathecal BD1047 administration during the maintenance 

phase has no effect on CCI-induced mechanical allodynia, 

thermal hyperalgesia, and Nox2 activation 

In order to determine if the activation of Sig-1Rs also contributes to the 

maintenance of the chronic neuropathic pain and Nox2 activation, the analgesic and 

inhibitory effect of Sig-1R antagonist was examined during the maintenance phase of 

neuropathic pain in CCI rats. Repeated daily administration of BD1047 (BD, 100 

nmol; twice a day) from days 15 to 20 (during the maintenance phase) following CCI 

surgery (CCI+BD) had no analgesic effects on CCI-induced mechanical allodynia 

(Fig. 3-7A) or thermal hyperalgesia (Fig. 3-7B) as compared to vehicle-treated CCI 

rats (CCI+VEH) (*P < 0.05, **P < 0.01, ***P < 0.001 vs. sham). In addition, Nox2 

subunit p47phox expression in both the membrane (M) and total (T) fractions was 

significantly increased in vehicle-treated CCI rats at day 20 after surgery (VEH) (Fig. 

3-7C; **P < 0.01 vs. sham), however, repeated administration of BD1047 from days 

15 to 20 following surgery had no effect on these increases (*P < 0.05, **P < 0.01 vs. 

sham). Pan-cadherin expression was used as a general marker of protein expression in 

the membrane fraction. In addition, PKC-dependent pGluN1 expression was 

significantly increased in vehicle-treated CCI rats at day 20 after surgery (VEH) (Fig. 

3-7D; *P < 0.05 vs. sham), however, repeated administration of apocynin from days 

15 to 20 following surgery had no effect on these increases (*P < 0.05 vs. sham). 
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Figure 3-7. The effect of repeated i.t. administration of the sigma-1 receptor 

antagonist BD1047 (BD) or the Nox inhibitor apocynin (APO) on the maintenance 

phase (days 0-5 after surgery) of mechanical allodynia (A), thermal hyperalgesia (B), 

Nox2 subunit p47phox expression (C), or PKC-dependent pGluN1 expression (D) in 

CCI rats. (A and B) Paw withdrawal frequency (PWF, %) and paw withdrawal latency 

(PWL, sec) were measured at 0, 5, 10, 15, 18 and 20 days after surgery using a von-

Frey filament (2.0 g) and plantar paw-flick latency test, respectively. n = 5–8 rats / 

group. (C) Nox2 subunit p47phox expression in the ipsilateral dorsal horn was 

measured by Western blot analysis. A graph depicting the change in p47phox 

expression is shown in the upper portion, while representative immunoblots of pan-

cadherin in the membrane (M) fraction, p47phox in the membrane (M) and total (T) 

fraction, and β-actin expression are presented in the lower portion. The lumbar dorsal 

horn was sampled at day 20 post-surgery. *P < 0.05, **P < 0.01, ***P < 0.001 vs. 

sham. n = 4–7 rats / group. (D) PKC-dependent pGluN1 expression in the ipsilateral 

dorsal horn was measured by Western blot analysis. A graph depicting the change in 

pGluN1 expression is shown in the upper portion, while representative immunoblots 

of pGluN1 and β-actin expression are presented in the lower portion. *P < 0.05 vs. 

sham vs. sham. n = 4 rats / group. 
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Figure 3-8. Schematic diagram summarizing the proposed biochemical pathway 

underlying CCI-induced central sensitization and the development of mechanical 

allodynia (MA). 
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DISCUSSION 

This study demonstrates two important novel findings. First, intrathecal 

administration of a Sig-1R agonist, PRE084 in naïve mice time-dependently increased 

spinal Nox2 activation and ROS production in the lumbar spinal cord dorsal horn, 

which in turn contributed to mechanical allodynia and thermal hyperalgesia in these 

animals. Secondly, CCI-induced sciatic nerve injury also increased spinal Nox2 

activation and ROS production in the lumbar spinal cord dorsal horn, which 

contributes to the induction of the mechanical allodynia. These CCI-induced increases 

in Nox2 activation and ROS production were significantly reduced by intrathecal 

administration of a Sig-1R antagonist, BD1047 in CCI rats. Collectively these 

findings demonstrate that spinal Sig-1Rs activation modulates Nox2 activation and 

accompanying ROS production in the spinal cord dorsal horn, ultimately contributing 

to pain hypersensitivity in mice and to peripheral nerve injury-induced chronic 

neuropathic pain in CCI rats. 

Nox2 is a highly regulated membrane bound enzyme complex that is composed 

of membrane-bound subunits p22phox, gp91phox, and cytosolic subunits p40phox, 

p47phox, p67phox as well as the small GTPase RAC (Demaurex and Scorrano, 2009). 

In resting cells, Nox2 is segregated into cytosolic and membrane compartments. 

During activation of the Nox2, the cytosolic components translocate to the membrane 

to form a functional active enzyme complex (DeLeo and Quinn, 1996; Lambeth, 

2004). Of all cytosolic subunits, p47phox plays an important role in translocation as 

well as in the assembly, which are both critical steps in the initiation of Nox2 

activation (Groemping and Rittinger, 2005; Qian et al., 2008; Touyz et al., 2003). In 

this regard, an increase in the membrane fraction of the p47phox has been considered 
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to represent an increase in the active form of the Nox2 enzyme (Brennan et al., 2009). 

Based on this, p47phox expression in membrane fraction was assessed as a specific 

indicator of the Nox2 activation and pan-cadherin as a general marker of proteins in 

membrane fraction. In the present study, direct Sig-1R activation by single injection of 

a Sig-1R agonist increased p47phox expression in the membrane fraction, but not in 

the total fraction in mice. It is likely that the time window associated with a single 

injection is too short to affect the level of protein expression. On the other hand, 

repeated injection of the Sig-1R antagonist, BD1047 during the induction phase of 

neuropathic pain in CCI rats suppressed the CCI-induced increase in p47phox 

expression, not only in the membrane fraction, but also in the total fraction. These 

results indicate that Sig-1Rs can modulate the total protein expression of p47phox at 

gene transcription level as well as Nox2 activation at the post-translational level 

during the induction phase of neuropathic pain in CCI rats. 

ROS generated from the activation of the Nox2 enzyme oxidizes the DHE dye to 

ethidium bromide, which in turn binds to the DNA and emits red fluorescence 

(Aoyama et al., 2008). In this study, Nox2-induced ROS production was assessed by 

using this DHE staining procedure. Peripheral nerve injury as well as direct Sig-1R 

activation induced ROS production in both the superficial dorsal horn (SDH, laminae 

I–II) and the underlying nucleus proprius (NP, laminae III–IV). In this regard Sig-1Rs 

are rich in small- and medium-sized neurons within the superficial dorsal horn of the 

spinal cord, where sensory information, particularly nociceptive information, is 

conveyed from the periphery to higher levels of the central nervous system (Alonso et 

al., 2000). Furthermore, the expression of the cytochrome P450 side-chain cleavage 

(P450scc), a key enzyme that produces endogenous ligands of Sig-1Rs, have been 

shown to increase in the SDH region and to spread into the NP region following 
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sciatic nerve ligation (Patte-Mensah et al., 2006). While neurons in the spinal cord 

dorsal horn appear to express Sig-1Rs (Alonso et al., 2000), it has recently been 

suggested that L5 spinal nerve transection induces Nox2 expression and ROS 

production mainly in spinal cord microglia, which are located in the SDH and NP 

(Kim et al., 2010). In addition, there are several recent reports that further suggest that 

Nox2 can be expressed in non-phagocytic cells, such as neurons and astrocytes in 

central nervous system (CNS) (Sorce and Krause, 2009). NMDA injections into the 

hippocampus showed a robust increase of superoxide production by Nox2 activation 

in hippocampal neurons (Brennan et al., 2009). Furthermore, increased Nox2 

expression is found in reactive astrocytes, which is likely to play important roles in 

CNS physiology and pathology (Abramov et al., 2005). Because the role of the each 

cell type in spinal nociceptive processing may depend in part on the type of pain 

stimuli, modality, and duration, it is possible that the specific Nox2 expressing cell 

type can differ depending on the type of pain, the animal model used and/or the time-

dependency following the initiation of the pain. It is likely that Sig-1R activation in 

dorsal horn neurons triggers a pathway that activates ROS in microglia within this 

region. Collectively, these results suggest the possibility that spinal Sig-1Rs play an 

important role in conveying nerve injury-induced nociceptive information from the 

periphery to the central nervous system via production of the ROS in the SDH and NP 

regions, which is closely regulated by its ligands synthesized in the vicinity of the Sig-

1Rs. 

There are two possibilities to modulate Nox2 activation and ROS production by 

spinal Sig-1Rs activation; intracellular or intercellular mechanism. First, spinal Sig-

1Rs could activate Nox2 enzyme localized in the same cell via Ca2+ and protein kinase 

activation. Sig-1Rs are predominantly localized to the endoplasmic reticulum in cells 
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of the nervous system, which modulate intracellular Ca2+ levels to promote the efflux 

of Ca2+ to the cytoplasm (Monnet, 2005). Increased cytosolic Ca2+ then influences 

Ca2+-dependent activation of the protein kinase C (PKC), leading to phosphorylation 

of the Nox2 subunit p47phox and activation of this enzyme at the plasma membrane 

or within the endoplasmic reticulum (Raad et al., 2009). It has been suggested that 

intrathecal administration of a Sig-1R agonist, PRE084 significantly activates pan-

PKC, especially the PKC α, ε, and ζ isoforms in the spinal cord dorsal horn (Roh et al., 

2008). Furthermore, PKCα is known as a conventional PKC isoform having 

diacylglycerol- and Ca2+-sensitivity and it has also been reported that this isoform 

plays an important role in Nox2 activation through increases in phosphorylation of 

p47phox (Raad et al., 2009). Secondly, spinal Sig-1Rs could activate Nox2 enzyme 

localized in neighboring cells via nitric oxide (NO) signaling-mediated cell to cell 

communication. It has been demonstrated that Sig-1Rs can modulate NO signaling 

induced by neuronal nitric oxide synthase activation (Roh et al., 2011). NO is a 

diffusible gas, thus it can diffuse from its site of production to act on other cells. It has 

been suggested that NO may mediate the increase in Nox2 activation and ROS 

production in cortical neuronal cultures via its downstream signaling, cGMP and 

protein kinase G (Girouard et al., 2009). Thus, Sig-1Rs can modulate Nox2 activation 

through both intracellular and intercellular mechanisms, which are thought to be 

involved in Ca2+ and protein kinase dependent- or NO signaling dependent-cascades. 

However, the precise mechanisms involved need to be further investigated. 

This study was focused on Sig-1R-induced positive modulation of Nox2-ROS 

signaling in the spinal cord as a potential nociceptive mechanism that underlies the 

development of neuropathic pain as well as the Sig-1R-induced nociceptive 

hypersensitivity in mice. In contrast, Sig-1Rs in the brain have been reported to exert 
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robust cellular protective actions in vivo by preventing oxidative stress in cerebral 

ischemic stroke, diabetes-induced retinal neurodegeneration, and amyloid β-induced 

toxicity (Meunier et al., 2006; Schetz et al., 2007; Smith et al., 2008; Su et al., 2010). 

These actions are supported by in vitro studies showing that Sig-1Rs regulate 

dendritic spine formation and promote cellular survival by regulating Bcl-2 expression 

via a reduction in ROS signaling (Meunier and Hayashi, 2010; Tsai et al., 2009). 

While this type of association between Sig-1Rs and oxidative stress has been well 

documented in several brain diseases, it has not been examined with regard to the 

process of nociception at the level of the spinal cord. Sig-1Rs have been localized to 

diverse regions of the central nervous system, which are related to a number of 

different disease states (i.e., addiction, amnesia, depression, stroke, cancer, pain, etc.) 

with different pathophysiologic mechanisms (Alonso et al., 2000; Maurice and Su, 

2009). Unlike the more positive effects that occur with Sig-1R activation in brain, 

both Sig-1R activation and ROS signaling in spinal cord appear to contribute to 

central sensitization, which plays a critical role in acute and chronic nociception 

(Chung, 2004; Gao et al., 2007; Kim et al., 2008). In this regard, it is likely that Sig-

1Rs modulate ROS signaling in the spinal cord in association with pain in different 

ways than those associated with other Sig-1R-related diseases that occur at higher 

levels of the neuroaxis. 

Results of this study show that spinal Sig-1R activation induced mechanical 

allodynia and thermal hyperalgesia in mice, which were ameliorated by pretreatment 

with the ROS scavenger, NAC or the Nox inhibitor, apocynin. These results 

demonstrate that spinal Sig-1Rs appear to mediate two different abnormal pain 

sensations, mechanical allodynia and thermal hyperalgesia, via modulation of the 

Nox-ROS signaling in the level of spinal cord. On the other hand, inhibition of spinal 
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Sig-1Rs or Nox attenuates peripheral nerve injury-induced mechanical allodynia, but 

not thermal hyperalgesia. Similarly partial sciatic nerve ligation-induced mechanical 

and cold allodynia are attenuated in Sig-1R knockout mice, however, nerve injury-

induced heat hyperalgesia is not affected in knockout mice with respect to wild-type 

mice (de la Puente et al., 2009). These results suggest that Sig-1Rs are more important 

for the development of peripheral nerve injury-induced mechanical allodynia rather 

than thermal hyperalgesia. This is consistent with previous work suggesting that 

mechanical allodynia and thermal hyperalgesia are caused by different mechanisms 

(Ossipov et al., 1999; Tal and Bennett, 1994). Peripheral nerve injury induces changes 

in primary afferent neurons, nociceptive C-fibers and non-nociceptive myelinated A-

fibers, leading to peripheral sensitization. The injury triggers the expression of the 

sodium channels and transient receptor potential vanilloid 1 (TRPV1) receptors on 

uninjured fibers that enhance the pain response to noxious stimuli. In this regard 

peripheral TRPV1 receptors are known to be important contributors to the 

development of thermal hyperalgesia in neuropathic pain (Jhaveri et al., 2005). 

Spontaneous activity in C-fibers leads to hyperexcitability of second-order neurons in 

the spinal cord, leading to central sensitization. This causes non-noxious stimuli from 

mechanoreceptive A-fibers to be perceived as pain, which is known as mechanical 

allodynia. Dysfunction of the inhibitory interneurons and descending modulatory 

control systems as well as activation of the spinal glial cells also leads to central 

sensitization (Baron, 2006). In previous study from our laboratories, CCI-induced 

peripheral nerve injury increased the phosphorylation of the NMDA receptor GluN1 

subunit (pGluN1) in the spinal cord, which can potentiate NMDA receptor function 

resulting in central sensitization, and this increase is significantly attenuated by the 

inhibition of spinal Sig-1Rs (Kim et al., 2008; Woolf, 1983). In addition, the systemic 
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injection of a ROS scavenger dramatically attenuates L5 spinal nerve ligation-induced 

mechanical allodynia by reducing pGluN1 expression and restoring GABA inhibitory 

transmission in spinal dorsal horn (Gao et al., 2007; Yowtak et al., 2011). Therefore, 

spinal Sig-1Rs and ROS may be closely related to peripheral nerve injury-induced 

development of the mechanical allodynia by contributing to the central sensitization 

rather than to thermal hyperalgesia which is associated with peripheral TRPV1 

receptors. 

In the present study, the Sig-1R antagonist, BD1047-induced analgesic effect and 

suppression of Nox2 activation occurred during the induction phase, but not during 

the maintenance phase of chronic neuropathic pain. Based on our previous study, Sig-

1R expression in the ipsilateral spinal cord dorsal horn of CCI rats was significantly 

increased between days 1 to 3 days post-surgery, peaked at day 3 and then returned to 

sham values by day 7 post-surgery (Roh et al., 2008b). Since Sig-1Rs returned to 

sham levels by day 7, it is likely that the failure of late spinal Sig-1R inhibition to 

attenuate the CCI-induced chronic neuropathic pain or to modulate Nox2 activation is 

due to a return to basal levels of Sig-1R expression during the maintenance phase of 

neuropathic pain. Therefore, it could be possible that the role of Sig-1Rs in 

neuropathic pain may be more important during the induction phase. In this regard, it 

has been shown that early inhibition of the Sig-1Rs during the induction phase of 

CCI-induced neuropathic pain has a significant analgesic effect that is sustained over 

the 30 day experimental period following CCI surgery (Roh et al., 2008b). It has been 

demonstrated that spinal Sig-1Rs are potently activated by the binding of endogenous 

neurosteroid ligands, that include pregnenolone and allopregnanolone, which increase 

markedly in the spinal cord dorsal horn of neuropathic rats 2 days after sciatic nerve 

ligation (Patte-Mensah et al., 2004). These endogenous neurosteroids peak at day 6 
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and then slowly decline by day 10 post-ligation. Furthermore, the mRNA, protein 

expression, and bioactivity of P450scc, the rate-limiting step in the biosynthesis of all 

classes of neurosteroids, increases in the spinal cord dorsal horn following nerve 

ligation in rats (Patte-Mensah et al., 2006). Collectively, these results demonstrate that 

the early expression and activation of spinal Sig-1Rs plays a critical role in the 

induction of the nerve injury-induced neuropathic pain in CCI rats. The therapeutic 

potential of Sig-1R ligands has been recognized for many years and the present results 

suggest that Sig-1Rs may also be a potential therapeutic target in the clinical 

management of neuropathic pain particularly during the induction phase.  

The present study demonstrates that activation of the spinal Sig-1Rs increases the 

Nox2 activation, as demonstrated by the significant increase in the expression of the 

membrane fraction of the Nox2 subunit p47phox, and ROS production in the lumbar 

spinal cord dorsal horn. Moreover, Sig-1R-induced Nox2 activation and ROS 

production contribute to Sig-1R-induced pain hypersensitivity and peripheral nerve 

injury-induced induction, but not the maintenance, of the chronic neuropathic pain. 

Collectively, these findings suggest that spinal Sig-1Rs play an important role in the 

modulation of the Nox2 activation and accompanying ROS production in the spinal 

cord, and ultimately contribute to the induction of the neuropathic pain.  
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CONCLUSION 

Damage to the peripheral nerves can lead to the development of neuropathic pain, 

which causes considerable suffering and distress to these patients and is associated 

with several diagnostic symptoms including mechanical allodynia (MA, sensation of 

pain to non-noxious mechanical stimuli) and thermal hyperalgesia (TH, increased pain 

response to noxious thermal stimuli). The development of peripheral neuropathic pain 

involves a variety of pathophysiological mechanisms in both the peripheral and 

central nervous systems. In this regard spinal NMDA receptors have been shown to 

play a key role in the development of ‘central sensitization’, a phenomenon in which 

nociceptive inputs to the dorsal horn increase the excitability and synaptic efficacy of 

neurons in spinal pain pathways. In our previous study, activation of spinal sigma-1 

receptors (Sig-1Rs) contributes to the functional potentiation of NMDA receptors via 

increases in phosphorylation of GluN1 subunit. However, the precise cellular 

mechanisms underlying Sig-1Rs-related neuropathic pain are not investigated. 

In the first study, i.t. injection of Sig-1R agonist, PRE084 significantly evoked 

mechanical and thermal hypersensitivity, and increased the number of PKC and PKA-

dependent pGluN1-ir cells in spinal cord. The PRE084-induced hypersensitivity and 

increase in PKC-dependent pGluN1 expression were significantly blocked by 

pretreatment with L-NAME or 7-nitroindazole. I.t. PRE084 time-dependently 

decreased the ratio of phosphorylated nNOS (pnNOS) to nNOS expression and the 

number of spinal pnNOS-ir cells. This decrease in the pnNOS form was prevented by 

BD1047, a Sig-1R antagonist and cyclosporin A, a calcineurin inhibitor, but not by a 

sGC inhibitor.  

In the second study, i.t. administration of the D-serine degrading enzyme, DAAO 
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attenuated the facilitation of NMDA-induced pain behaviors induced by the Sig-1R 

agonist, PRE084. Exogenous D-serine facilitates NMDA-induced nociception and 

increases PKC-dependent pGluN1 expression, which was attenuated by preteatment 

with the nNOS inhibitor, 7-nitroindazole. In CCI mice, i.t. administration of 

exogenous D-serine during the induction phase of neuropathic pain restored MA and 

PKC-dependent pGluN1 suppressed by BD1047. Furthermore, administration of the 

serine racemase inhibitor, LSOS or DAAO suppressed CCI-induced MA, pGluN1, 

nNOS activation and NO production. Intrathecal administration of 7-nitroindazole or 

the sGC inhibitor, ODQ also attenuated CCI-induced MA and pGluN1. By contrast, 

D-serine and nNOS signaling had no effect on CCI-induced TH or GluN1 expression.  

In the third study, Sig-1R-induced pain hypersensitivity was dose-dependently 

attenuated by pretreatment with the ROS scavenger, NAC or the Nox inhibitor, 

apocynin. PRE084 also induced an increase in Nox2 activation and ROS production, 

which were attenuated by pretreatment with BD1047, apocynin, or 7-nitroindazole. 

CCI-induced nerve injury produced an increase in Nox2 activation and ROS 

production in the spinal cord, all of which were attenuated by i.t. administration with 

BD1047 during the induction phase of neuropathic pain. Furthermore, administration 

with BD1047 or apocynin reversed CCI-induced increase in pGluN1 expression and 

MA during the induction phase, but not the maintenance phase.  

Collectively, these findings demonstrate that spinal Sig-1R activation plays an 

important role in the development of neuropathic pain induced by peripheral nerve 

injury, and Sig-1Rs could be a useful therapeutic target for alleviating mechanical 

allodynia under the neuropathic pain conditions. 
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척수 별아교세포 sigma-1 수용체를 

통한 GluN1 인산화 조절이 

신경병증성 통증 형성에 미치는 영향 

 

지도교수: 이 장 헌 

 

서울대학교 대학원 

수의학과 수의생명과학 전공 

최 스 란 

 

말초 신경 손상으로 유도되는 신경병증성 통증은 환자에게 극심한 

고통과 괴로움을 주며, 물리적 이질통 및 열성 통각과민증 등의 임상 

증상을 일으킨다. 이러한 말초 신경병증성 통증은 말초 및 중추 

신경계에서의 다양한 병태생리학적 기전에 의해 형성된다. 척수 내 N-

methyl-D-aspartate (NMDA) 수용체는 통증 자극에 대해 척수 후각 신경의 

흥분성을 증가시키는 중추성 감작 현상에 핵심적인 역할을 하는 것으로 

알려져 있다. 최근 척수 내 sigma-1 수용체의 활성이 NMDA 수용체 GluN1 

subunit의 인산화를 증가시켜 이 수용체의 기능 강화에 기여한다고 

보고되었으나, 그와 관련된 정확한 세포 기전은 명확히 밝혀진 바가 없다. 

따라서 본 연구는 (1) sigma-1 수용체 활성을 통하여 나타나는 통증 
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현상 및 NMDA 수용체의 인산화 증가에 nNOS 유래 NO가 관여하는지, 

sigma-1 수용체 활성에 의하여 척수 후각의 nNOS 활성도가 변화하는지, (2) 

척수 내 NMDA 주입으로 유도되는 통증 동물 모델과 말초신경 손상으로 

유도되는 신경병증성 통증 동물 모델에서, sigma-1 수용체에 의해 조절되는 

별아교세포 내 D-serine이 nNOS를 활성화시켜 NMDA 수용체의 인산화 

증가에 기여하는지, (3) 마지막으로 척수 내 sigma-1 수용체가 nNOS의 

활성을 통하여 Nox2의 활성화 및 활성 산소종 생성을 조절하는지, Nox의 

활성이 신경병증성 통증 형성에 기여하는지를 체계적으로 규명하고자 

하였다. 

모든 실험은 수컷 ICR 마우스와 Sprague-Dawley 랫드로 수행되었으며, 

신경병증성 통증은 좌골신경의 만성 압박 손상에 의해 유도되었다. 통증 

반응은 0.16 g 또는 2.0 g의 von Frey filament로 무해한 물리적 자극에 대한 

발바닥 회피 반응 빈도를 측정하거나, hot-plate apparatus 또는 plantar 

analgesia meter의 유해한 열 자극에 대한 발바닥 회피 반응 시간을 

측정하여 평가하였다. 실험에 사용된 약물은 PRE084 (sigma-1 수용체 

효능제), BD1047 (sigma-1 수용체 길항제), L-NAME (비특이적 NOS 억제제), 

7-nitroindazole (특이적 nNOS 억제제), ODQ (sGC 억제제), cyclosporin A 

(calcineurin 억제제), NMDA (NMDA 수용체 효능제), D-serine, LSOS (serine 

racemase 억제제), DAAO (내인성 D-serine 분해 효소), fluorocitrate 

(별아교세포 억제제), chelerythrine (PKC 억제제), PKI (PKA 억제제), NAC 

(활성 산소종 제거제), apocynin (Nox 억제제)이고, 척수 내로 주입하였다. 

면역조직화학법, DHE 염색, NADPH-diaphorase 염색, NO detection, Western 

blot assay, co-immunoprecipitation을 실시하였으며, 이미지 분석은 컴퓨터와 

연계된 이미지 분석 프로그램 (Metamorph)으로, 통계 분석은 Prism 5.0을 

이용하여 수행하였다. 
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sigma-1 수용체 효능제인 PRE084를 척수 내로 주입하면 물리적, 열적 

자극에 대한 통각과민증이 유의하게 나타나며, 척수에서 PKC-의존적인 

NMDA 수용체 GluN1 subunit의 인산화가 증가한다. 이러한 통증 현상과 

인산화는 L-NAME 또는 7-nitroindazole 전처치에 의해 유의적으로 

감소한다. PRE084는 시간 의존적으로 nNOS에 대한 인산화된 nNOS의 발현 

비율을 감소시키고 인산화된 nNOS가 염색되는 세포 수도 감소시킨다. 

이러한 감소는 sigma-1 수용체 길항제인 BD1047과 calcineurin 억제제인 

cyclosporin A의 전처치에 의해 억제되는 반면, sGC 억제제의 전처치에 

의해서는 영향을 받지 않았다. 

D-serine 분해효소인 DAAO를 척수 내로 주입하면 PRE084에 의한 

NMDA 통증반응의 증폭 현상이 억제된다. 외인성 D-serine은 NMDA 

통증반응을 증폭시킬 뿐 아니라, PKC-의존적인 NMDA 수용체 GluN1 

subunit의 인산화를 증가시킨다. 이러한 증가는 7-nitroindazole의 전처치에 

의해 억제된다. 좌골신경 만성 압박 손상 마우스 모델에서, 외인성 D-

serine을 척수 내로 주입하면 BD1047에 의해 억제되었던 물리적 이질통 및 

PKC-의존적인 GluN1 인산화의 증가가 반전된다. Serine racemase 억제제인 

LSOS와 DAAO는 물리적 이질통, GluN1 인산화의 증가, nNOS 활성화 및 

NO 생성을 억제한다. 7-nitroindazole과 ODQ 또한 물리적 이질통과 GluN1 

인산화의 증가를 억제한다. 그러나 D-serine과 nNOS signaling은 열성 

통각과민증과 GluN1 단백질 발현에는 영향을 미치지 않았다. 

척수 내 PRE084 주입에 의해 나타나는 통증 현상은 활성 산소종 

제거제인 NAC과 Nox 억제제인 apocynin의 전처치에 의해 농도 

의존적으로 억제된다. 또한, PRE084는 Nox2 활성화 및 그에 따른 활성 

산소종의 생성을 증가시키며, 이러한 증가는 BD1047, apocynin, 7-

nitroindazole의 전처치에 의해 억제된다. 좌골신경 만성 압박 손상은 척수 
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내 Nox2 활성화 및 활성 산소종의 생성을 증가시키며, 이러한 증가는 

통증의 형성 시기에 BD1047 반복 투여로 억제된다. BD1047과 apocynin은 

PKC-의존적인 GluN1 인산화의 초기 증가 및 물리적 이질통의 형성을 

억제하는 반면, 이미 형성된 통증에는 영향을 미치지 않았다. 

본 연구는 sigma-1 수용체에 의한 별아교세포 내 D-serine의 조절이 

PKC-의존적인 인산화를 통하여 NMDA 수용체 기능을 강화시키는 역할을 

하고, 이 과정이 신경병증성 만성 통증의 형성에 기여함을 밝혔다. 이러한 

D-serine의 작용은 nNOS가 매개하고, nNOS는 Nox2 활성 조절을 통하여 

활성 산소종의 형성을 증가시켜 중추 신경계에서 산화 촉진제 효과를 

내며, 궁극적으로 만성 통증에 기여함을 확인하였다. 따라서, 척수 내 

sigma-1 수용체는 말초 신경 손상에 의해 유도되는 신경병증성 통증의 

형성에 핵심적인 역할을 하며, 물리적 이질통에 대한 효과적인 치료 

인자로서 고려될 수 있을 것으로 기대한다. 

-------------------------------------------------------------------------------------------------------- 

주요어: sigma-1 수용체, nNOS, Nox2, D-serine, 신경병증성 통증, 별아교세포, 

GluN1 
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