
© 2018 Zhao et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Pain Research  2018:11 1433–1443

Journal of Pain Research Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
1433

O R I G I N A L  R E S E A R C H

open access to scientific and medical research

Open Access Full Text Article

http://dx.doi.org/10.2147/JPR.S166994

Contralateral monoarthritis exacerbated chronic 
constriction injury-induced pain hypersensitivity 
through upregulating inducible nitric oxide 
synthase

Heng Zhao1 
Shenghou Liu1 
Chenhua Wang2 
Qingjie Wang3 
Wenguang Liu1 
Mingzhi Gong1

1Department of Orthopedics, 
The Second Hospital of Shandong 
University, Jinan, 250033, 
Shandong, People’s Republic of 
China; 2Department of Nuclear 
Medicine, The Second Hospital of 
Shandong University, Jinan, 250033, 
Shandong, People’s Republic of 
China; 3Department of Emergency, 
The Second Hospital of Shandong 
University, Jinan, 250033, Shandong, 
People’s Republic of China

Introduction: High comorbidity of osteoarthritis (OA) and neuropathic pain has been reported 

in aged patients. Evidence shows that central sensitization of pain processing occurs in late-phase 

OA and may facilitate the development of neuropathic pain. Few studies reveal whether acute 

monoarthritis (MA) aggravates neuropathic pain on the opposite side of the body from the injury. 

Methods: To address whether neuropathic pain is affected by contralateral MA through dis-

tinct inflammatory pathway, MA was induced by intra-articular injection of complete Freund’s 

adjuvant (CFA) into the right tibiotarsal joint, and neuropathic pain was established by chronic 

constriction injury (CCI) of the left sciatic nerve. 

Results: We observed that MA aggravated mechanical allodynia and thermal hyperalgesia in 

CCI rats. Furthermore, MA affected the other side of the spinal cord in multiple aspects, includ-

ing the upregulation of iNOS mRNA and the enhancement of forskolin-induced facilitation of 

excitatory synaptic transmission in the spinal cord dorsal horn substantia gelatinosa neurons. 

Discussion: Interestingly, intrathecal injection of 1400W, an antagonist of iNOS, attenuated 

intensity of pain behaviors in CCI rats with contralateral MA to similar levels in CCI rats without 

MA, and also normalized the facilitatory effect of forskolin on excitatory synaptic transmission 

in the spinal cord dorsal horn neurons in contralateral MA rats. Therefore, contralateral MA 

worsened CCI-induced pain hypersensitivity probably through upregulating iNOS and enhancing 

the facilitation of synaptic transmission following CCI. 

Conclusion: Inhibiting the iNOS might be a potential therapeutic strategy for concurrent OA 

and neuropathic pain.
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Introduction
Osteoarthritis (OA) is a common disease in aging population.1,2 As a pain disease, OA 

significantly impairs physical function and reduces quality of life.3 Neuropathic pain 

following a lesion/injury or disease of the somatosensory system4 is also very common 

in aging patients,5 especially in those with diabetes mellitus (diabetic neuropathy), 

herpes zoster (postherpetic neuralgia), low back pain (such as lumbar spinal stenosis), 

cancers, and stroke.6 Both OA and neuropathic pain show pain sensitization,6,7 and 

their comorbidity in aged patients is not rare.8 In patients with concurrent OA and 

neuropathic pain, the medication for either disease may not adequately relieve the 

symptoms. To improve the treatment of the two concurrent diseases, it is necessary to 

elucidate the pathophysiological relationship between these conditions.
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Chronic pain after arthritis is associated with chronic neu-

roinflammation in the peripheral or central nervous  system.9,10 

Levels of many proinflammatory cytokines (IL-1β, TNFα, 

IL-6, etc.) and chemokines (iNOS, eNOS, COX-2) are known 

to be increased in the primary afferent and dorsal horn neurons 

innervating arthritic joints.9 These elevated inflammatory 

mediators subsequently enhance synaptic transmission at the 

spinal cord level referred to as “central sensitization” and facili-

tate the development of neuropathic pain.11 Many studies deal-

ing with OA use contralateral noninjured side as a control and 

focus on alterations in local or ipsilateral neuroinflammatory 

reactions. However, there is conflicting evidence, showing that 

inflammatory mediators in the contralateral side of arthritis rats 

are elevated in OA in some studies12–14 but remain unchanged in 

others.12,15,16 The discrepancy may come from the difference in 

animal models, the injection site of complete Freund’s adjuvant 

(CFA), the concentration and dose of CFA, and the time line 

of the experiment. Furthermore, it is unclear about the roles 

of the inflammatory reactions following contralateral OA in 

the development of neuropathic pain.

The present study confirms that monoarthritis (MA) 

did affect the contralateral spinal cord and exacerbated 

pain hypersensitivity in chronic constriction injury (CCI). 

Additionally, the potential strategy that could reverse the 

exacerbation was also explored.

Methods
All animal care and experimental protocols follow the Guide 

for the Care and Use of Laboratory Animals (National 

Research Council, 1996, Washington, DC) and were approved 

by the Institute of Animal Care and Use Committee and 

the Office of Laboratory Animal Resources in the Second 

Hospital of Shandong University. Male Sprague Dawley rats 

(200–250 g) were used in this study. All rats were cage housed 

in an environment with a temperature of 22±2°C, relative 

humidity between 45% and 75%, and 12 h light–dark cycle. 

Water and food were provided ad libitum.

The rats were randomly divided into five groups: sham 

group (Sham, n=8), received intra-articular injection of 50 μL 

sterile saline; MA group (n=8), received intra-articular injec-

tion of 50 μL CFA; CCI group (n=8); and CCI + MA group 

(n=16), having two subgroups: MA induction was performed 

either 2 days before (n=8) or 2 days after (n=8) CCI.

Drug treatment
Forskolin (Sigma-Aldrich Co., St Louis, MO, USA) was 

dissolved in dimethyl sulfoxide (DMSO) and applied to 

spinal cord slices in artificial cerebrospinal fluid (ACSF) at 

a final concentration of 20 μM. 1400W (Selleck Chemicals, 

Houston, TX, USA) was dissolved in DMSO and intrathe-

cally administrated to each animal (10 μg in 20 μL) right 

after CFA injection.

Induction of MA
MA was induced by injecting 50 μL CFA (Sigma-Aldrich Co.) 

into the right tibiotarsal joint. This procedure was performed 

under isoflurane inhalation for anesthesia, as described 

previously.17 Briefly, the fossa of the lateral malleolus of the 

fibula was located, and a 28-gage needle was inserted from 

the gap between the tibiofibular bone and tarsus bone into the 

articular cavity. CFA (50 μL) was injected into the articular 

cavity. The Sham rats were intra-articularly injected with 

sterile saline. The rats after CFA injection showed pronounced 

swelling in the right ankle measured using a plethysmometer 

(Ugo Basile, Milan, Italy). Animals without or with minimal 

swelling in the right ankle were discarded.

Chronic constriction injury (CCI)
CCI was performed as described previously.18,19 Briefly, a rat 

was anesthetized with intraperitoneal injection of sodium 

pentobarbital (40–60 mg/kg); the sciatic nerve on the left side 

was exposed by making a skin incision and cutting through 

the connective tissue between the gluteus superficialis and 

biceps femoris muscles. Four chromic gut ligatures were tied 

loosely around the sciatic nerve with 1 mm intervals between 

two neighboring ligatures to just occlude but not arrest 

epineural blood flow. Muscle and skin layers were sutured 

separately. The rat was allowed to recover from surgery for 

24 h before pain hypersensitivity tests began.

Histology
Hematoxylin–eosin (HE) staining was performed using 

5 μm sections of the right tibiotarsal joints of the Sham 

and MA rats. Briefly, the extremity of the right hindlimb 

containing tibiotarsal joints was dissociated and fixed in 

10% neutral buffered formalin. For decalcification of tibia 

and tarsus, the specimen was immersed in 10% nitric acid 

and 1% ethylenediaminetetraacetic acid (EDTA) in PBS. 

Then, the sample was subjected to dehydration in a series of 

ethanol solutions with gradually increasing concentrations 

from 50% to 100%. The dehydrated sample was embedded 

in paraffin and was sliced with a sliding microtome into 

5 μm thick sections, which were mounted onto glass slides. 

After dewaxing and washing, the sections were stained with 

HE and toluidine blue. The stained sections were examined 

using an upright microscope, equipped with a 4× objective. 
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As illustrated in Figure S1, MA rats showed pathological 

damages in tibiotarsal joint, including deformation in tibia 

and tarsus; enhancement of mononuclear infiltration; and 

hyperplasia of synovial cells.

Examination of pain behaviors
Mechanical paw withdrawal threshold (PWT)
Mechanical PWT was calculated as described previously.20 

Rats were individually placed in a box without bottom on 

an elevated metal mesh floor and were allowed to habituate 

for ≥30 min before examination. A series of calibrated von 

Frey hairs (Stoelting, Wood Dale, IL, USA) were applied 

one by one to the central region of the plantar surface of the 

left hind paw in an ascending order (1.4, 2, 4, 6, 8, 10, 15, 

and 26 g). The 50% PWT was determined using Dixon’s 

up–down method.

Thermal withdrawal latency
Thermal withdrawal latency was measured using the thermal 

plantar analgesia instruments (IITC, Woodland Hills, CA, 

USA) as follows. Rats were placed on the glass floored test-

ing cages for at least 30 min until the exploratory behavior 

ceased. The heat source was placed directly beneath the 

mid-plantar surface of the hind paw through a transparent 

glass surface. The delay of the hind paw withdrawal from 

the heat source, relative to the onset of thermal stimulus, 

was recorded. A cutoff time of 20 s was used to avoid tissue 

damage. The heat stimulation was repeated at least three times 

with an interstimulus interval of 5 min, and then the mean of 

paw withdrawal latencies of individual rats was calculated.

Quantitative polymerase chain reaction 
(qPCR)
The left and right lumber segments (L3–L6) of the spinal cord 

from each rat were harvested separately 48 h after the injection 

of CFA for the induction of MA and immediately stored at 

-80°C. The samples were lysed in 500 μL of TRIzol® reagent 

(Thermo Fisher Scientific, Waltham, MA, USA), and total 

RNA was isolated according to the manufacturer’s instruc-

tion. Integrity of RNA was confirmed in a denaturing agarose 

gel, and no contaminating DNA or RNA degradation was 

observed. Afterward, the RNA was reverse transcribed using 

2 μg total RNA as the template using a reverse transcription 

polymerase chain reaction (RT-PCR) kit (Promega Corpora-

tion, Fitchburg, WI, USA). Reverse transcription was per-

formed at 45°C for 45 min, followed by 5 min heating at 92°C. 

The real-time PCR was performed in Roche LightCycler 480 

(Hoffman-La Roche Ltd., Basel, Switzerland) with Maxima 

SYBR Green/ROX qPCR Master Mix (2×) (Thermo Fisher 

Scientific) for detection. Samples were amplified in 25 μL 

reaction mixtures, containing 0.3 μM forward and reverse 

primers, 12.5 μL Maxima SYBR Green/ROX qPCR Master 

Mix (2×), template DNA ≤ 500 ng/reaction, and nuclease-free 

water. All primers were designed using Primer-BLAST design 

software (NIH, Bethesda, MD, USA) and were synthesized 

by Sangon Biotech (Shanghai, People’s Republic of China). 

The primers we used are listed in Table 1. All PCRs were 

performed with the following parameters: 10 min at 95°C for 

initial denaturation, 35 cycles of sequential steps (15 s at 95°C 

for denaturation, 1 min at 55°C–64°C for annealing, 30 s at 

72°C for extension), and then a 7 min final incubation at 72°C. 

Each sample was tested in triplicates. The relative expression 

was calculated using the ΔΔC
q
 method21 and optimized with 

a standard curve to confirm the high specificity.

Patch-clamp recording
Whole-cell patch-clamp recordings were made from sub-

stantia gelatinosa (SG) neurons in lumbar spinal cord slices 

as described previously.22

In brief, 48 h after the injection of CFA, the rats were 

suffocated to death with CO
2
 and were decapitated. After 

laminectomy, the lumber spinal cord was removed and sliced 

(300 μm) with a vibratome (VT-1200S; Leica Inc., Wetzlar, 

Germany) in ice-cold-modified, sucrose-based artificial 

cerebral spinal fluid (SACSF) saturated with 95% O
2
/5% CO

2
 

containing (mM) 250 sucrose, 2.5 KCl, 1.2 NaH
2
PO

4
, 1.2 

Table 1 Sequences of primers used in RT-PCR

Gene Forward 5¢-3¢ Reverse 5¢-3¢ Annealing temperature (°C)

IL-1β CATCTTTGAAGAAGAGCCCG AACTATGTCCCGACCATTGC 60

INF-γ AGGAAAGAGCCTCCTCTTGG TCTACCCCAGAATCAGCACC 57
IL-17A CTGGACTCTGAGCCGCAA TGCCTCCCAGATCACAGAAG 61
TNF-α CGGGGTGATCGGTCCCAACAA GTGGTTTGCTACGACGTGGGC 60
COX-2 TGTATGCTACCATCTGGCTTCGG GTTTGGAACAGTCGCTCGTCATC 60
iNOS CCTTGTTCAGCTACGCCTTC CATGGTGAACACGTTCTTGG 55
GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 60

Abbreviation: RT-PCR, reverse transcription polymerase chain reaction.
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MgCl
2
, 2.4 CaCl

2
, 26 NaHCO

3
, and 11 glucose. Slices were 

first recovered at 32°C for at least 1 h in SACSF and then 

kept at room temperature (22–24°C) in ACSF bubbled with 

95% O
2
/5% CO

2
 containing (mM) 126 NaCl, 2.5 KCl, 1.2 

NaH
2
PO

4
, 1.2 MgCl

2
, 2.4 CaCl

2
, 26 NaHCO

3
, and 11 glucose 

for at least 30 min. Then, a slice was placed in a recording 

chamber and perfused (1.5–2.0 mL/min) with ACSF, which 

was constantly bubbled with 95% O
2
/5% CO

2 
continually. In 

all, 1 μM tetrodotoxin (TTX) and 10 μM bicuculline were 

applied continually with perfusate when miniature excitatory 

postsynaptic currents (mEPSCs) were recorded. Drugs were 

applied with the perfusate as needed.

The neurons in spinal cord slices were visualized with an 

upright microscope (Eclipse FN1; Nikon Instruments, Mel-

ville, NY, USA) and near-infrared illumination. Whole-cell 

patch-clamp techniques were used to record electrophysi-

ological signals with a MultiClamp 700B amplifier (Axon 

Instruments, Molecular Devices LLC, Sunnyvale, CA, USA), 

Digidata 1440 analog-to-digital converters (Axon Instru-

ments), and pClamp 10.2 software (Axon Instruments). Data 

were sampled at 10 kHz and filtered at 2 kHz. The patch 

electrode had a resistance of 5–7 MΩ when filled with pipette 

solution containing (mM) 135 potassium gluconate, 5 KCl, 5 

ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic 

acid (EGTA), 0.5 CaCl
2
, 10 HEPES, 2 Mg-ATP, and 0.1 GTP. 

The pH of these solutions was adjusted to 7.2 with Tris-base, 

and the osmolarity was adjusted to 300 mOsm with sucrose. 

The junction potential between the patch pipette and bath solu-

tion was nulled before gigaseal formation. Series resistance 

was monitored without compensation throughout the experi-

ment. All recordings were done at a temperature of 32 ± 0.5°C.

mEPSCs were counted and analyzed using Clampfit 10.3 

(Molecular Devices LLC) after the traces were low-pass 

filtered at 2 kHz. Waveform templates for mEPSCs were 

defined according to the rise and decay times. The events that 

match the waveform and exceed the amplitude threshold were 

counted. The frequency and amplitude of mEPSCs before 

and after drug application were compared.

Statistical analysis
Data are presented as mean ± standard error of measure-

ment (SEM). Statistical significance was determined using 

parametric or nonparametric one-way or two-way analysis 

of variance (ANOVA) with Bonferroni test for pairwise 

comparison, using GraphPad Prism® 5 software (GraphPad 

Software, Inc., La Jolla, CA, USA). Difference was con-

sidered as statistically significant when p value was <0.05.

Results
Effect of contralateral MA on CCI-
induced hypersensitivity to pain
First, we tested whether CCI-induced ipsilateral nociceptive 

hypersensitivity in rats can be facilitated by contralateral MA. 

In this set of experiments, we established contralateral MA 

2 days before or after CCI to clarify whether MA affects the 

development or maintenance of CCI-induced hypersensitiv-

ity to pain.

In our observation, there was no significant difference 

in baseline mechanical PWT and thermal paw withdrawal 

latency among the groups that received different treatments 

(Figures 1A and B and 2A and B). In comparison with the 

sham group, CCI groups showed decreased mechanical PWT 

(Figures 1A and 2A) and thermal paw withdrawal latency on 

the ipsilateral side (Figures 1B and 2B) that were maintained 

up to 3 weeks, confirming the successful establishment of 

CCI-neuropathic pain models, displaying mechanical allo-

dynia and thermal hyperalgesia.

Interestingly, although MA alone did not affect pain sen-

sation of the paw on the other side (Figure S2), contralateral 

MA performed 2 days after CCI worsened CCI-induced 

mechanical allodynia in 2 days (Figure 1A) and thermal 

hyperalgesia in 4 days (Figure 1B), and the deterioration 

of pain hypersensitivity persisted up to 3 weeks. Similarly, 

applying contralateral MA 2 days before CCI exacerbated 

CCI-induced ipsilateral pain hypersensitivity, and the deterio-

ration remained up to 3 weeks after CCI (Figure 2A and B). 

Note that contralateral MA before CCI reduced mechanical 

PWT immediately after CCI and shortened thermal paw 

withdrawal latency 6 days after CCI.

Taken together, our data suggest that contralateral MA 

before and after CCI both exacerbated CCI-induced mechani-

cal allodynia and thermal hyperalgesia.

mRNA levels of inflammatory mediators 
in both sides of the spinal cord after MA
We examined mRNA levels of cytokines and chemokines in 

the lumber spinal cord ipsilateral and contralateral to the side 

that MA was induced. We observed that MA significantly 

increased mRNA levels of IL-1β, INF-γ, IL-17A, TNFα, 

and COX-2 in the ipsilateral but not in the contralateral 

lumber spinal cord of MA rats compared to Sham rats 

( Figure 3A–E). Interestingly, mRNA levels of iNOS in MA 

rats were increased bilaterally in the spinal cord in com-

parison with those of Sham rats. The levels of iNOS mRNA 

increased by sevenfold in the ipsilateral spinal cord and by 
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sixfold in the contralateral side (Figure 3F). There was no 

statistically significant difference between two sides. Thus, 

following MA, elevation in iNOS mRNA levels was similar 

in two sides of the spinal cords.

iNOS enhances forskolin-induced 
facilitation of synaptic transmission
Since increased levels of iNOS in the spinal cord dorsal horn 

have been reported to be associated with neuronal excitability 

and long-term potentiation,23,24 we next studied whether MA-

induced upregulation of iNOS affects synaptic transmission 

in the opposite side of the spinal cord.

First, mEPSCs were recorded using the whole-cell 

patch-clamp technique from the SG neurons in one side of 

spinal cord opposite to the side sham or MA operation was 

performed. The frequency and amplitude of mEPSCs were at 

the same levels in Sham and MA rats (Figure 4A).  Forskolin 

(50 μM, 5 min), an activator of adenylyl cyclase, when 

bath-applied with perfusate, induced a sustained increase in 

mEPSC frequency and amplitude in both Sham and MA rats, 

and the effects reached maximal levels 20 min after the initia-

tion of forskolin perfusion. Interestingly, the enhancement of 

mEPSCs was stronger in MA rats than in Sham rats (Figure 

4B and C). The results suggest that synaptic facilitation by 

forskolin is significantly greater in contralateral spinal cord 

SG neurons of MA rats.

As we found that MA led to elevated iNOS mRNA in 

the contralateral side of the spinal cord, we tested whether 

blocking iNOS eliminates the enhanced effects of forskolin 

on mEPSCs in MA rats. To address this question, we intrathe-

cally administered 1400W (10 μg), an iNOS antagonist, right 

after intra-articular injection of CFA. In MA rats, 1400W 

pretreatment attenuated forskolin-induced enhancement of 

mEPSC frequency and amplitude in contralateral SG neurons 

Figure 1 Contralateral MA induced 2 days after CCI exacerbated pain behaviors.
Notes: CCI was performed in the left sciatic nerve to establish neuropathic pain in rat models, and CFA was injected in the right tibiotarsal joint to induce MA. In the 
sham group, rats were injected in the right tibiotarsal joint with saline instead of CFA. The von Frey filament tests and the thermal plantar tests were respectively applied 
to assess mechanical allodynia (A) and heat hyperalgesia (B) in Sham, CCI, and CCI + MA rats. Data are shown as mean ± SEM. n=7 in each group. Statistical significance of 
the difference between sham, CCI, and MA + CCI rats at each time point was analyzed with two-way ANOVA and Bonferroni test for pairwise comparison. CCI vs CCI + 
MA: *p<0.05, **p<0.01, and ***p<0.001.
Abbreviations: ANOVA, analysis of variance; CCI, chronic constriction injury; CFA, complete Freund’s adjuvant; MA, monoarthritis; SEM, standard error of measurement.
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to the level similar to Sham rats (Figure 4A–C). These data 

suggest that upregulation of iNOS in the contralateral side of 

the spinal cord in MA rats contributes to enhanced forskolin-

induced facilitation of synaptic transmission.

Effect of 1400W on MA-sensitized pain in 
contralateral CCI models
We observed that MA led to multiple levels of alterations in 

the contralateral side of the spinal cord, including elevated 

expression of iNOS and worsened pain hypersensitivity. We 

were wondering whether elevated iNOS expression could 

contribute to pain hypersensitivity. To answer this question, 

we tested the effect of 1400W on exacerbation of contralat-

eral CCI-induced pain hypersensitivity following MA. As 

showed in Figure 5A and B, in comparison with Sham rats, 

all rats in CCI, MA + CCI, and MA + CCI + 1400W groups 

developed mechanical allodynia and thermal hyperalgesia, 

which remained stable throughout the experimental period. 

Additionally, 1400W pretreatment significantly attenuated 

mechanical allodynia and thermal hyperalgesia in the MA 

+ CCI group to a level comparable to the CCI group. These 

data suggest that inhibition of iNOS can reverse MA-induced 

deterioration of contralateral neuropathic pain.

Discussion
The aim of this study is to evaluate the effect of contralateral 

MA on CCI-induced neuropathic pain. We observed that 

in CCI models, pre- or post-induction of contralateral MA 

enhanced CCI-induced mechanical allodynia and thermal 

hyperalgesia. We also found that contralateral MA similarly 

elevated the levels of iNOS mRNA in both sides of the spinal 

cord. Although MA had no effect on synaptic transmission 

on the opposite side, it enhanced forskolin-induced facilita-

tion of synaptic transmission, and this enhancement was 

eliminated by intrathecal administration of iNOS inhibitor. 

Furthermore, contralateral MA-induced aggravation of 

Figure 2 Contralateral MA 2 days before CCI exacerbated pain behaviors in CCI rats.
Notes: CCI was performed in the left sciatic nerve, and CFA was injected in the right tibiotarsal joint 2 days before CCI. In the Sham group, rats were injected with saline 
instead of CFA. Right-side MA enhanced CCI-induced mechanical allodynia (A) and heat hyperalgesia (B) in the left hind paw. Data are shown as mean ± SEM. n=7 in each 
group. Statistical significance of the difference at each time point among Sham, CCI, and MA + CCI groups were determined with two-way ANOVA and Bonferroni test for 
pairwise comparison. CCI vs CCI + MA: *p<0.05, **p<0.01, and ***p<0.001.
Abbreviations: ANOVA, analysis of variance; CCI, chronic constriction injury; CFA, complete Freund’s adjuvant; MA, monoarthritis; SEM, standard error of measurement.
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mechanical allodynia and thermal hyperalgesia in CCI was 

attenuated by 1400W pretreatment to the similar levels in 

CCI rats without MA. Overall, upregulation of iNOS mRNA 

following contralateral MA might be a mechanism underlying 

exacerbation of pain hypersensitivity in neuropathic pain.

Although peripheral nerve injury is directly associated 

with neuronal dysfunction (hyperexcitability) in spinal cord 

dorsal horn, inflammatory changes play critical roles in 

worsening the neuronal dysfunction.25 Especially, widespread 

inflammatory reaction usually exceeds the borders of tissue 

damage. Our study specifically evaluated mRNA levels of 

several proinflammatory cytokines and chemokines in the 

lumber spinal cord following MA. Although the upregulation 

of IL-1β, INF-γ, IL-17A, TNF-α, and COX-2 in the spinal 

cord remained restricted on the side of MA, iNOS mRNA in 

the spinal cord was bilaterally elevated by MA. These results 

suggest that inflammatory mediators in the spinal cord were 

differentially regulated by MA with diverse patterns.

It is noteworthy that the magnitudes of iNOS upregula-

tion on both sides were comparable. Increased expression of 

Figure 3 Effects of MA on mRNA levels of several inflammatory mediators in either side of the lumbar segments of the spinal cord.
Notes: qPCR was used to measure mRNA levels of IL-1β (A), INF-γ (B), IL-17A (C), TNF-α (D), COX-2 (E), and iNOS (F) in the ipsilateral and contralateral spinal cord 
tissues of MA and Sham rats. Data are shown as mean ± SEM. n=7 in each group. Statistical significance of difference was determined using one-way ANOVA on ranks and 
Dunn’s test for pairwise comparison. **p<0.01 and ***p<0.001.
Abbreviations: ANOVA, analysis of variance; contra, contralateral; ipsi, ipsilateral; MA, monoarthritis; qPCR, quantitative polymerase chain reaction; SEM, standard error 
of measurement.
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contralateral iNOS has been shown in the lumbar spinal cord 

of arthritis rats by other research groups.14,16,26 The differences 

in iNOS expression levels found in these studies could result 

from diverse paradigms for pain induction and/or the timing 

and methods for iNOS examination.

The iNOS is not constitutively expressed but must be 

induced to be synthesized and become abundant in a variety 

of cell types, including neurons and glial cells.27 Previous 

studies demonstrated that iNOS is involved in the develop-

ment of inflammatory neuropathic pain.14,28 The expression 

of iNOS in lamina II neurons has been shown to contribute 

to spinal nociceptive processing in several pain models.24,29–31 

However, glial activation could account, at least in part, for 

the observed increases in iNOS levels in the spinal cord 

dorsal horn following MA. Investigations are warranted to 

determine to what extent the increased iNOS depends on 

the altered neuronal and/or glial function in the spinal cord 

dorsal horn.

It is noteworthy that, in addition to MA-induced iNOS, 

1400W may directly affect neuropathic pain. A previous study 

Figure 4 Effects of MA on excitatory synaptic transmission in the contralateral side of the spinal cord.
Notes: MA was induced by injecting CFA in the right tibiotarsal joint, and in some rats, 1400W (10 µg) was intrathecally injected right after CFA injection. mEPSCs were 
recorded using the patch-clamp technique (VH=-65 mV) from lamina II SG neurons in the contralateral side of spinal cord in the presence of 10 µM bicuculline and 1 µM 
TTX. (A) Representative traces of mEPSCs before and 20 min after forskolin perfusion (50 µM, 5 min). Statistical results of the amplitude (B) and frequency (C) of mEPSCs. 
Data are shown as mean ± SEM. n=10–15 in each group. Statistical significance of difference was assessed using one-way ANOVA on ranks and Dunn’s test for pairwise 
comparison. **p<0.01.
Abbreviations: ANOVA, analysis of variance; CFA, complete Freund’s adjuvant; MA, monoarthritis; mEPSC, miniature excitatory postsynaptic current; SEM, standard error 
of measurement; SG, substantia gelatinosa; TTX, tetrodotoxin.
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has reported that 1400W might exert its analgesic effects 

by reducing iNOS and altering the balance between the 

proinflammatory (IL-1α and IL-1β) and anti-inflammatory 

(IL-10) cytokines.32 In our study, 1400W partly reversed 

the pain behavior from the animal receiving MA + CCI. It 

is possible that part of this rescue effect can be attributed to 

the ameliorated CCI pain. In order to directly test the role 

of MA-induced iNOS in the facilitation of pain develop-

ment, future study needs to specifically and precisely inhibit 

contralateral iNOS expression induced by MA, e.g., viral 

vector-mediated knockdown of iNOS mRNA. Facilitation 

of excitatory synaptic transmission in the spinal cord dorsal 

horn is thought to contribute to persistence of clinical pain 

and is fundamental for the central nervous system to gener-

ate pain hypersensitivity.22 Few electrophysiological studies 

have been carried out to directly study the functional plas-

ticity that occurs in contralateral spinal cord following the 

induction of MA. We showed here that excitatory synapses 

on contralateral SG neurons of MA rats had normal baseline 

activity, consistent with our data (Figure S2) and a previous 
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study, showing that unilateral arthritis rats did not show 

pain hypersensitivity in the contralateral side.17 We argue 

that in our experimental condition, MA-induced upregula-

tion of iNOS in the contralateral dorsal horn, by itself, may 

not be enough to enhance excitatory synaptic transmission 

and induce hyperalgesia. As activation of cyclic adenosine 

monophosphate (cAMP) response element binding protein 

(CREB), a transcription factor, parallels with the appear-

ance and maintenance of pain hypersensitivity in CCI rats,33 

to mimic this pathophysiological condition, we tested the 

effect of forskolin on mEPSCs, because, as an agonist of 

adenosine monophosphate (AMP) cyclase, forskolin leads 

to accumulation of cAMP, which binds CREB and triggers 

its activation. Intriguingly, stronger forskolin-induced poten-

tiation of excitatory synaptic transmission in the spinal cord 

was observed in the side contralateral to MA (Figure 4). 

Interestingly, this facilitation of synaptic transmission was 

abolished by a specific iNOS blocker, 1400W (Figure 4), sug-

gesting an involvement of NO-cGMP cascade, downstream 

of iNOS activation.

Our behavioral data show that mechanical allodynia and 

thermal hyperalgesia in CCI rats were strengthened by con-

tralateral MA. This phenomenon occurred 2 days after MA 

induction and persisted up to 3 weeks, indicating that MA 

can induce rapid and persistent changes in the contralateral 

side of the spinal cord. Upregulation of iNOS induced by 

contralateral MA possibly participated in the persistently 

enhanced nociceptive responses, because intrathecal injection 

of 1400W attenuated pain behaviors in CCI rats with MA 

to the levels similar to those in CCI rats without MA. These 

data suggest that contralateral MA-induced potentiation of 

pain behaviors in the CCI model possibly depends on the 

Figure 5 Effects of iNOS inhibition on MA facilitation of contralateral neuropathic pain.
Notes: Two days before CCI surgery, 1400W (10 µg) was intrathecally injected immediately after CFA injection in the right tibiotarsal joint. CCI-induced mechanical 
allodynia (A) and heat hyperalgesia (B). Sham rats were injected with saline instead of CFA. Data are shown as mean ± SEM. n=9 in each group. Statistical significance of 
difference at each time point among groups was assessed using two-way ANOVA and Bonferroni test for pairwise comparison. MA + CCI vs MA + CCI + 1400W: *p<0.05 
and ***p<0.001.
Abbreviations: ANOVA, analysis of variance; CCI, chronic constriction injury; CFA, complete Freund’s adjuvant; MA, monoarthritis; SEM, standard error of measurement.
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elevated expression of iNOS. This notion was supported 

by previous reports showing that an increased expression 

of iNOS in the spinal cord dorsal horn was associated with 

neuron excitability and long-term potentiation that contribute 

to central hyperalgesia.23,24,34

Taken together, we provide evidence to support that an 

initially localized arthritis is able to elevate the levels of iNOS 

in the contralateral side of the spinal cord. This may in turn 

mediate facilitation of central sensitization (hyperactivity in 

excitatory synaptic transmission), and exacerbate symptoms 

of neuropathic pain. This study suggests that patients with 

neuropathic pain may have higher intensity of pain when they 

have comorbid OA. We provide evidence for the rationale 

that iNOS inhibitors might have therapeutic potential in the 

treatment of neuropathic pain comorbid with arthritis.
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Supplementary materials

Figure S1 CFA-induced histopathological alterations in the tibiotarsal joint.
Notes: Two days after saline or CFA injection in the right tibiotarsal joint, the rats were sacrificed and the right tibiotarsal joints were fixed, sectioned, and subjected to HE 
staining. A representative histological image of a section of tibiotarsal joint from a sham rat (A) and a CFA rat (B) (40× magnification).
Abbreviations: CFA, complete Freund’s adjuvant; HE, hematoxylin–eosin; MCI, mononuclear cell infiltration; Sh, synovial cell lining hyperplasia.
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Figure S2 Contralateral MA alone did not induce pain behaviors.
Notes: CFA was injected into the right tibiotarsal joint to induce MA. Saline was injected into the right tibiotarsal joint of the rat in the sham group. Von Frey filament tests 
and thermal plantar tests were respectively applied to assess mechanical allodynia (A) and heat hyperalgesia (B). Data are shown as mean ± SEM. n=6 in each group. Statistical 
analysis showed no difference between these two groups.
Abbreviations: CFA, complete Freund’s adjuvant; MA, monoarthritis; SEM, standard error of measurement.
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