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ABSTRACT
Background: Spinal cord injury (SCI) leads to persistent inflammation, contributing to chronic neuropathic pain. However, 
current treatments show limited efficacy. Three types of nitric oxide synthase (NOS) play different roles in inflammation and 
neuronal hyperexcitation. Therefore, this study aimed to determine the predominant NOS subtype involved in neuropathic pain 
after spinal contusion.
Methods: We investigated the effects of intrathecal NOS inhibitors on mechanical sensitivity following a moderate spinal con-
tusion injury in male Sprague-Dawley rats. These NOS inhibitors were N(G)-nitro-L-arginine methyl ester hydrochloride (L-
NAME; non-selective NOS inhibitor), 1400W (iNOS inhibitor), Nω-propyl-L-arginine hydrochloride (NPLA; nNOS inhibitor) 
and N5-(1-iminoethyl)-L-ornithine (L-NIO; eNOS inhibitor). Additionally, we analysed protein expression and cellular localisa-
tion of spinal NOS subtypes in rats that underwent SCI or sham procedures.
Results: Treatment with L-NAME significantly reduced paw withdrawal threshold in a dose-dependent manner, although 
motor deficits appeared at the highest dose (30 μM), while 1400W effectively alleviated mechanical hypersensitivity without 
motor side effects. NPLA showed limited efficacy, and L-NIO had no effect. Protein expression of iNOS increased two-fold in 
the L4-5 spinal segment of SCI rats compared with sham controls. After SCI, iNOS-immunoreactivity colocalized with GFAP in 
the superficial laminae of the L4-5 spinal segment. Treatment with 1400W reduced the hyper-reactivity of both iNOS and GFAP.
Conclusions: These findings indicate that iNOS plays a significant role in below-level neuropathic pain following thoracic 
spinal cord contusion in rats. Specific blockade of iNOS activity may have potential as a therapeutic intervention for spinal-
contusion-induced neuropathic pain with reduced risk of side effects.
Significance Statement: iNOS inhibition effectively alleviated pain without motor side effects, unlike non-selective NOS, 
nNOS and eNOS inhibitors. The colocalization of iNOS with astrocytes in the spinal cord suggests a key mechanism in pain 
maintenance. These findings highlight the potential of targeting iNOS as a therapeutic strategy for SCI-induced neuropathic 
pain with reduced risks of side effects.
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1   |   Introduction

Traumatic spinal cord injuries (SCI) are more commonly ob-
served in the working-age population, leading to extended peri-
ods of disability throughout the lifespan (Safdarian et al. 2023). 
The injury results in motor and sensory abnormalities below the 
injury site. Specifically, neuropathic pain occurring below the 
injury site is present in around 90% of patients in the chronic 
phase and significantly hinders progress in rehabilitation 
(Finnerup et al. 2014; Kim et al. 2020).

Propagated persistent inflammation throughout the majority 
of spinal segments contributes to neuropathic pain after SCI 
(Chambel et al. 2020; Li et al. 2022; Pfyffer et al. 2020; Varghese 
et al. 2024). However, corticosteroids, potent anti-inflammatory 
agents, show limited efficacy due to their indirect spinal cord 
action (Pertovaara and Breivik  2016), and the efficacy of mi-
nocycline was insufficient in a Phase II clinical trial (Casha 
et  al.  2012). Thus, it is necessary to elucidate targets that can 
modulate neuropathic pain through the reduction of chronic in-
flammation in SCI.

L-Arginine is a crucial amino acid for immune cell activation 
during wound healing. It is converted to L-citrulline by nitric 
oxide synthase (NOS), resulting in the synthesis of nitric oxide 
(NO) (Arribas-López et al. 2021). NO is a vasodilator released 
from injured tissue and plays a role in recruiting inflammatory 
cells to the injured region (Andrabi et  al.  2023). However, el-
evated levels of NO may readily combine with superoxide to 
generate peroxynitrites, leading to chronic inflammation and 
neuronal hypersensitivity (Doyle et  al.  2012; Komirishetty 
et  al.  2021; Lackovic et  al.  2023). Therefore, the regulation of 
NO production via NOS is essential for developing potential 
therapeutic strategies for managing neuropathic pain (De Alba 
et  al.  2006; Staunton et  al.  2018; Thomas et  al.  2001; Yoon 
et al. 1998).

There are three subtypes of NOS that differ in their cellular lo-
calization: neuronal NOS (nNOS), endothelial NOS (eNOS) and 
inducible NOS (iNOS) (Förstermann and Sessa 2012; Zhou and 
Zhu 2009). These subtypes play distinct roles depending on the 
stage of the inflammatory process and have been found to have 
different effects in injury models (Beck et  al.  2004; Boettger 
et al. 2007; Freire et al. 2009; Yang et al. 2007). iNOS is upregu-
lated by pro-inflammatory mediators and drastically increases 
NO production to more than 10 times the physiological level 
(Murphy et al. 1993; Zhao et al. 1998). Selective iNOS inhibition 
could reduce excessive NO concentrations while maintaining 
the basal NO levels through the constitutive nNOS and eNOS. 
In contrast, eNOS plays a protective role after SCI by enhancing 
intraspinal blood circulation and inhibiting pro-inflammatory 
reactions (Osuka et al. 2008; Paterniti et al. 2011), while nNOS 
is involved in the downstream signalling of NMDA receptors, 
which are crucial in central sensitization, a mechanism that in-
duces neuropathic pain (Lee et al. 2018; Liang et al. 2021).

These differences in mechanisms lead to uncertainty regarding 
the predominant contributing NOS subtype to neuropathic pain 
following spinal contusion. To address this question, we com-
pared the effects of three subtypes of NOS inhibitors on per-
sistent below-level neuropathic pain after SCI.

2   |   Materials and Methods

2.1   |   Experimental Animals

All animal experimental procedures were conducted in accor-
dance with the guidelines approved by the Institutional Animal 
Care and Use Committee of Korea University. We performed all 
experiments according to the relevant guidelines. In this study, 
we used 172 male Sprague–Dawley rats weighing 220–250 g. We 
purchased the rats from Charles River Laboratories (Orient Bio, 
Sungnam, Republic of Korea) and provided free access to water 
and food (5 L79, Orient Bio, Republic of Korea) with a 12:12 h 
light cycle (day 8:00–20:00). All animals underwent an adapta-
tion period for 1 week before experiments. The rats were ran-
domly assigned to groups.

2.2   |   Contusive Spinal Cord Injury

Contusive spinal cord injury was induced as described in our 
previous studies (Kim et al. 2012, 2023, 2019). In brief, the rats 
were anaesthetised under isoflurane inhalation (Hana Pharm, 
Hwaseong, Republic of Korea), and spinal contusion was in-
duced by dropping a 10-g weight onto the spinal cord at the pre-
viously exposed T10 vertebra from a height of 12.5 mm using a 
New York University (NYU) impactor. The animals subcutane-
ously received normal saline for rehydration and 100 mg/kg of 
ampicillin/sulbactam (UNASYN, Pfizer, New York, NY, USA) 
to prevent urinary infections after the operation. Any rats able to 
perform hind limb joint motion or weight-supported locomotion 
immediately after the operation were excluded from this study.

2.3   |   Insertion of the Intrathecal Cannula

The intrathecal cannulation procedure has been described in 
our previous studies (Kim et  al.  2012, 2023). In brief, 3 weeks 
after undergoing the SCI operation, the rats were again an-
aesthetised with isoflurane and an 11 cm PE-10 polyethylene 
tube was advanced 5.5 cm into the subarachnoid space via the 
atlanto-occipital membrane. The external portion of the tube 
was used to administer the test drugs. Lidocaine was adminis-
tered to confirm accurate placement of the tube, and hind limb 
paralysis was assessed as an indicator of proper insertion. Any 
rats showing neurological deficits during the 1-week recovery 
period after the operation were excluded from this study.

2.4   |   Drug Administration

One week after placement of the cannular, vehicle or drug 
was administered through the intrathecal cannular using 
a Hamilton syringe. All drugs were dissolved in 0.9% saline 
(Vehicle, Daihan Pharmaceutical Co. Ltd., Ansan, Republic of 
Korea). The concentrations of the drugs applied intrathecally 
were as follows: Nω-Nitro-L-arginine methyl ester hydro-
chloride (L-NAME) at 5, 15 and 30 μM/5 μL (#N5751, Merk, 
Darmstadt, Germany); Nω-Nitro-D-arginine methyl ester hy-
drochloride (D-NAME) at 30 μM/5 μL (#21687, Cayman, Ann 
Arbor, USA); 1400W dihydrochloride at 10, 50 and 100 nM/5 μL 
(#1415, Tocris Bioscience, Bristol, UK); Nω-Propyl-L-arginine 
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hydrochloride (NPLA) at 50, 100, 200 nM/5 μL (#SML2341, 
Merk, Darmstadt, Germany); L-NIO dihydrochloride at 50, 
100, 200 nM/5 μL (#0546, Tocris Bioscience, Bristol, UK); and 
L-. The cannula was flushed and filled with 10 μL of 0.9% nor-
mal saline after drug administration.

2.5   |   Behaviour Tests

We measured paw withdrawal thresholds against mechanical 
stimuli and motor-related side effects before and 15, 30, 45, 60, 
90, 120, 150 and 180 min after intrathecal drug administration 
at 4 weeks after SCI. Evaluation of the drug treatment results 
was conducted in a double-blind manner.

2.5.1   |   Paw Withdrawal Threshold in Response to 
Mechanical Stimuli

The rats were placed on a wired mesh grid and hind paw with-
drawal thresholds in response to mechanical stimuli were mea-
sured. The stimuli consisted of a series of 8 von Frey filaments 
with 3.61, 3.84, 4.08, 4.31, 4.56, 4.74, 4.93 or 5.18 mN target force 
ratings (Stoelting, Woodale, IL, USA) (Chaplan et al. 1994). The 
4.31 mN filament was the starting force. If the rat shows a with-
drawal response to the filament, the next stimulation will be 
applied with a force below this value. If the rat does not show a 
withdrawal response to the filament, the next stimulation will 
be applied with a force above this value. The stimulation was 
applied five times starting from the initial withdrawal response. 
The cut-off force was 5.18 mN.

2.5.2   |   Combined Behavioural Score (CBS)

CBS includes a series of behavioural assessments related to 
motor function. Modified CBS was used to analyse motor func-
tion and reflexes of the hind limb (Gale et al. 1985). Normal rats 
were assigned a total score of 90, while rats showing complete 
paralysis were assigned a score of 0. A detailed description of 
how we calculated the CBS score is presented in Table 1.

2.6   |   Tissue Collection

Tissue collection was performed as described in our previous 
report (Kim et al. 2023).

For western blotting, tissues from the T9-T10 (rostral region), T11-
T12 (injured epicentre), L1-L2 (caudal region) and L4-L5 (remote 
site) in the spinal cord were collected after cardiac perfusion with 
0.9% saline under general anaesthesia (alfaxalone-xylazine mix-
ture) at 4 weeks after the sham and SCI operation. Samples were 
kept at −70°C until protein extraction for western blotting.

For histological experiments, perfusion with 4% paraformalde-
hyde was performed after blood removal. We collected the L4-L5 
spinal segment at 1 h after the administration of iNOS inhibitor 
1400W 100 nM/5 μL. After soaking with 30% sucrose, the tis-
sues were embedded into an optimal cutting temperature com-
pound (OCT, Tissue-Tek, Sakura Finetek, Torrance, CA, USA) 

and sectioned transversely at 14 μm thickness using a cryostat 
microtome (Leica CM3050S). The sections were attached to a 
coated slide glass (Platinum, Matsunami, Osaka, Japan).

TABLE 1    |    CBS calculation.

Point Description

Motor Score

0 0 Normal walking

1 5 Walks with only 
mild deficit

2 15 Hind limb can 
support weight

3 25 Frequent movement 
of hindlimb, no 
weight support

4 40 Minor movement in hind 
limb, no weight bearing

5 45 No movement 
in hindlimb, no 
weight bearing

Toe spread

0 0 Normal full toe spread

1 2.5 Partial spreading of toe

2 5 No spreading of toe

Righting reflex

0 0 Normal righting counter 
to direction of roll

1 5 Weakend attempt to right

2 10 Delayed attempt to right

3 15 Delayed attempt 
to right itself

Extension withdrawal

0 0 Normal

1 2.5 Weak and slow reflex to 
withdraw the hindlimb

2 5 No withdrawal reflex

Placing

0 0 Normal placing

1 2.5 Weak attempt 
to place foot

2 5 No attempt to place foot

Incline plate

0 0 65-70/deg

1 5 55–60

2 10 40–50

3 15 < 40
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2.7   |   Western Blotting

We performed western blot as described in our previous report 
(Kim et al. 2023). In brief, proteins were extracted in lysis buf-
fer with a 1 × protease inhibitor cocktail (Halt Protease Inhibitor 
Cocktail, EDTA-free, Thermo Fisher Scientific, Waltham, MA, 
USA) using a homogeniser (PT1200E, Polytron, Switzerland). 
Denatured protein (50 μg) was separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and electropho-
retically transferred to a polyvinylidene fluoride membrane 
(IMMOBILION-P, Millipore, Burlington, MA, USA).

After blocking, the membrane was incubated with primary and 
secondary antibodies diluted in a 5% blocking buffer (232100, 
BD Difco, San Jose, CA, USA). The antibodies used are listed 
in Table  2. The membrane was washed with tris-buffered sa-
line containing 0.75% Tween 20 after antibody incubation. The 
membrane was exposed to an X-ray film (CP-BU, Agfa, Mortsel, 
Belgium) after reaction with an enhanced chemiluminescence 
reagent kit (EZ-Western Lumi Pico, DG-WP100, Dogen, Seoul, 
Republic of Korea). The intensity of the immunoreactive band in 
the images obtained was assessed using ImageJ software (NIH, 
Bethesda, MD, USA). The band intensities were normalised to 
the corresponding intensity of the Ponceau S staining.

2.8   |   Fluorescent Immunohistochemistry (IHC)

We performed IHC as described in our previous report (Kim 
et al. 2023). Rehydrated tissue slides were incubated with pri-
mary and secondary antibodies after blocking endogenous Fc 
binding activity with 10% normal goat serum (S1000, Vector 
Laboratories, USA). The antibodies used are listed in Table 2. A 
coverslip was mounted on each slide using Vectashield mount-
ing medium with DAPI (H-1500, Vector Laboratories, USA).

Fluorescent images of the dorsal horn were obtained using a con-
focal microscope (LSM700, Carl Zeiss, Switzerland). A total of 30 
sections were selected from three groups: sham-operated, 4-week 
SCI and 4-week SCI treated with 1400W (100 nmol/5 μL) groups 
(10 sections per group, 2 sections from each of 5 rats). Images 
were captured at 200× magnification. These sections were anal-
ysed using ImageJ software (NIH, Bethesda, MD, USA). To anal-
yse astrocyte branch length, we utilised the method described 

by Marques et  al.  (2023). The GFAP staining of captured im-
ages was converted to skeletonized 8-bit format, and maximum 
branch length was calculated using the AnalyzeSkeleton plugin 
in ImageJ.

2.9   |   Statistical Analysis

All statistical analyses were performed using SPSS Statistics 29.0 
(IBM, USA). All data were analysed according to the results of 
the Shapiro–Wilks normality test. A two-way repeated mea-
sures analysis of variance (ANOVA) was used to compare drug-
administered groups and the vehicle group depending on the time 
point, followed by Bonferroni's post hoc test (Greenhouse–Geisser 
corrected). The anti-nociceptive effects of the drugs at different 
doses were compared using the area under the curve (AUC) calcu-
lated by the trapezoidal rule based on %MPE (percent maximum 
possible effect). The %MPE was calculated as %MPE = (post-drug 
PWT− pre-drug PWT)/(15 g − pre-drug PWT) × 100. A one-way 
ANOVA was used to analyse differences among drug doses in 
drug-administered groups. IHC data was analysed using one-way 
ANOVA and Western blot was analysed using the Mann–Whitney 
U test as described in our previous report (Kim et al. 2012). All 
data are presented as mean ± standard error of the mean (SEM). 
Statistical significance was considered at p < 0.05. Detailed statis-
tical results for significant findings are presented in Table 3.

3   |   Results

3.1   |   Intrathecal Administration 
of the Non-Selective NOS Inhibitor L-NAME 
Reduces Mechanical Paw Hypersensitivity in a 
Dose-Dependent Manner in Rats With Spinal 
Contusion

We intrathecally administered vehicle (0.9% saline), D-NAME at 
30 μM/5 μL or L-NAME at concentrations of 5, 15 and 30 μM/5 μL 
at 4 weeks after moderate spinal contusive injury. Mechanical 
withdrawal thresholds in response to stimuli were measured at 
15-min intervals for up to 180 min following intrathecal admin-
istration. The main effect of time (F (2.07, 8.3) = 4.68, p = 0.043) 
was statistically significant by statistical analysis using two-way 
RM ANOVA.

TABLE 2    |    Antibodies information used in this study.

Primary antibodies First titre Secondary antibodies Second titre

Rabbit polyclonal anti-iNOS (ab3523, Abcam, UK) 1:2000 Goat anti-Rabbit, HRP (WB-
1000, Vector Lab, USA)

1:3000 WB

Rabbit monoclonal anti-nNOS (ab76067, Abcam, UK) 1:1000 1:2000 WB

Rabbit polyclonal anti-eNOS (ab5589, Abcam, UK) 1:1000 1:2000 WB

Rabbit polyclonal anti-iNOS (ab3523, Abcam, UK) 1:100 Goat anti-rabbit IgG, Alexa 
594 (A32740, Thermo 

Fisher Scientific, USA)

1:100 IHC

Mouse monoclonal anti-NeuN (ab104224, Abcam, UK) 1:1500 Goat anti-mouse IgG, Alexa 
488 (A32723, Thermo 

Fisher Scientific, USA)

1:3000 IHC

Mouse monoclonal anti-GFAP (ab4648, Abcam, UK) 1:2500 1:3000 IHC

Mouse monoclonal anti-OX-42 (ab1211, Abcam, UK) 1:100 1:1000 IHC
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TABLE 3    |    Detailed statistical results for significant findings in figures.

Figure Analysis Factor Statics

Figure 1A Two-way RM ANOVA Time F (2.07, 8.3) = 4.68, p = 0.043

Time*Dose F = 3.27, p < 0.001

Post hoc: Bonferroni's 15 min: vehicle vs. 30 μM p = 0.010

30 min: vehicle vs. 15 μM p = 0.025

30 min: vehicle vs. 30 μM p < 0.001

45 min: vehicle vs. 30 μM p = 0.019

60 min: vehicle vs. 30 μM p = 0.003

90 min: vehicle vs. 30 μM p = 0.007

120 min: vehicle vs. 30 μM p = 0.019

150 min: vehicle vs. 30 μM p = 0.005

180 min: vehicle vs. 30 μM p < 0.001

Figure 1B One-way ANOVA F = 6.86, p < 0.001

Post hoc: Bonferroni's Vehicle vs. 15 μM p = 0.016

Vehicle vs. 30 μM p = 0.002

Figure 1C Two-way RM ANOVA Time F (1.95, 75.91) = 6.60, p = 0.002

Time*Dose F = 3.55, p = 0.002

Post hoc: Bonferroni's 150 min: vehicle vs. 30 μM p < 0.001

Figure 2A Two-way RM ANOVA Time F (4.51, 148.65) = 29.05, p < 0.001

Time*Dose F = 7.64, p < 0.001

Post hoc: Bonferroni's 15 min: vehicle vs. 50 nM p = 0.016

15 min: vehicle vs. 100 nM p < 0.001

30 min: vehicle vs. 10 nM p = 0.048

30 min: vehicle vs. 50 nM p = 0.017

30 min: vehicle vs. 100 nM p < 0.001

45 min: vehicle vs. 50 nM p < 0.001

45 min: vehicle vs. 100 nM p < 0.001

60 min: vehicle vs. 50 nM p = 0.001

60 min: vehicle vs. 100 nM p < 0.001

90 min: vehicle vs. 50 nM p = 0.048

90 min: vehicle vs. 100 nM p < 0.001

120 min: vehicle vs. 50 nM p = 0.024

120 min: vehicle vs. 100 nM p < 0.001

150 min: vehicle vs. 100 nM p < 0.001

Figure 2B One-way ANOVA F = 25.024, p < 0.001

Post hoc: Bonferroni's Vehicle vs. 50 nM p = 0.004

Vehicle vs. 100 nM p < 0.001

10 nM vs. 50 nM p = 0.013

10 nM vs. 100 nM p < 0.001

50 nM vs. 100 nM p < 0.001

(Continues)
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Prior to drug administration, the average withdrawal thresh-
olds of both hind paws in 44 rats were 1.48 ± 0.09 g. The rats 
were randomly divided into treatment groups. Administration 
of 30 μM L-NAME significantly reduced paw hypersensitivity at 
all time points from 15 to 180 min after injection compared to 
the vehicle (0.9% saline), while 15 μM L-NAME significantly re-
duced the mechanical withdrawal threshold to 7.48 ± 1.05 g only 
at 30 min post-administration (Figure 1A). The effects of 5 μM L-
NAME were not significantly different from the vehicle control 
(Figure 1A), nor was that of D-NAME at 30 μM, a stereoisomeric 
control for L-NAME.

The area under curve (AUC) for the %MPE increased in a dose-
dependent manner, and significant differences were observed at 15 
and 30 μM compared to the vehicle (Figure 1B F = 6.86, p = 0.016, 

p = 0.002, respectively). We analysed the AUC, specifically exam-
ining the time period between 30 and 90 min after the administra-
tion of L-NAME, during which no motor deficits were observed 
(Figure 1B). The data excluded at 15 min and after 120 min, be-
cause L-NAME at 30 μM resulted in partial motor impairment at 
15 min post-injection, as well as from 120 min post-injection on-
wards (Figure  1C F = (1.95, 75.91) = 6.60, p < 0.001). This motor 
impairment may have contributed to the observed elevation in 
paw withdrawal thresholds at that time point.

The key finding of this result suggests that inhibiting NOS may 
decrease paw hypersensitivity, implying a potential role of NOS 
in the maintenance of neuropathic pain following spinal cord 
injury. As a result, our follow-up experiments concentrated on 
selectively blocking specific NOS subtypes.

Figure Analysis Factor Statics

Figure 3A Two-way RM ANOVA Time F (4.19, 113.09) = 27.33, p < 0.001

Time*Dose F = 3.58, p < 0.001

Post hoc: Bonferroni's 45 min: vehicle vs. 100 nM p = 0.018

45 min: vehicle vs. 200 nM p = 0.003

Figure 5 Mann–Whitney Sham vs. SCI p = 0.004

Figure 6D One-way ANOVA F = 10.223, p < 0.001

Post hoc: Bonferroni's Sham vs. SCI p < 0.001

Sham vs. SCI+1400W p = 0.006

Figure 6H One-way ANOVA F = 21.456, p < 0.001

Post hoc: Bonferroni's Sham vs. SCI p < 0.001

SCI vs. SCI+1400W p < 0.001

One-way ANOVA F = 56.402, p < 0.001

Post hoc: Bonferroni's Sham vs. SCI p < 0.001

Sham vs. SCI+1400W p < 0.001

SCI vs. SCI+1400W p < 0.001

TABLE 3    |    (Continued)

FIGURE 1    |    Effect of intrathecal administration of the non-selective NOS inhibitor, L-NAME, on mechanical paw hypersensitivity in SCI rats. 
(A) Paw withdrawal thresholds in response to mechanical stimuli following intrathecal administration of vehicle (0.9% saline, open diamonds, 
n = 5), D-NAME at 30 μM/5 μL (closed diamonds, n = 6), L-NAME at 5 μM/5 μL (open circles, n = 11), 15 μM/5 μL (grey squares, n = 13) or 30 μM/5 μL 
(closed circles, n = 9) at 4 weeks post-SCI. (B) Area under the curve (AUC) calculated from the percentage of maximal possible effect (%MPE) for 
L-NAME treatment. (C) Motor-related side effects assessed by combined behavioural score (CBS) for L-NAME treatment. All data are presented as 
mean ± standard error of the mean (SEM). *p < 0.05: vehicle versus L-NAME treatment.
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3.2   |   Intrathecal Administration of Selective 
iNOS Inhibitor 1400W Reduces Mechanical Paw 
Hypersensitivity Without Motor Deficits in Rats 
With Spinal Contusion

We measured the mechanical paw withdrawal thresholds in 
response to mechanical stimuli at 15-min intervals for up to 
180 min after intrathecal administration of vehicle (0.9% saline) 
or 1400W at concentrations of 10, 50 and 100 nM/5 μL. The main 
effect of time (F (4.51, 148.65) = 29.05, p < 0.001) was statistically 
significant by statistical analysis using two-way RM ANOVA. 
The baseline withdrawal thresholds of both hind paws in 37 rats 
averaged 2.59 ± 0.10 g. Paw hypersensitivity was significantly re-
duced at all time points from 15 to 120 min after administration 
of 50 nM 1400W and from 15 to 150 min after administration of 
100 nM 1400W compared to the vehicle (0.9% saline) as shown in 
Figure 2A. At 10 nM, 1400W reduced paw hypersensitivity at the 
30-min time point (Figure 2A p = 0.048).

We calculated the AUC of the %MPE between 15 and 180 min 
after 1400W administration. The AUC values were significantly 
different from those for the vehicle at 50 and 100 nM (Figure 2B 
F = 25.024, p = 0.004, p < 0.001, respectively). There were also 
significant differences between the drug treatment groups, in-
dicating a dose-dependent effect (Figure  2B). Furthermore, 

intrathecally administered 1400W did not cause any motor defi-
cits at any of the doses tested (Figure 2C).

3.3   |   Intrathecal Administration of the Selective 
nNOS Inhibitor NPLA Exhibits Limited Efficacy 
in Reducing Mechanical Hypersensitivity Without 
Motor Deficits in Rats With Spinal Contusion

The mechanical withdrawal thresholds were measured at 15-
min intervals for up to 180 min after intrathecal administration 
of NPLA at concentrations of 50, 100 and 200 nM/5 μL. The 
NPLA compound, known to have a Ki value of 50 nM, was ini-
tially administered at the same concentration. The main effect 
of time (F (4.19, 113.09) = 27.33, p < 0.001) was statistically sig-
nificant by statistical analysis using two-way RM ANOVA.

The baseline withdrawal thresholds of both hind paws in 31 rats 
averaged 2.62 ± 0.17 g. Administration of 100 or 200 nM NPLA 
significantly increased paw withdrawal thresholds to 5.44 ± 0.38 
(p = 0.018) and 5.87 ± 0.28 g (p = 0.003), respectively, but only at 
45 min after administration (Figure 3A). Importantly, there was no 
observable dose-dependent relationship between concentrations 
of 100 and 200 nM, suggesting that higher doses were unnecessary 
due to a slight motor impairment, albeit not statistically significant.

FIGURE 2    |    Effect of intrathecal administration of the selective iNOS inhibitor 1400W on mechanical paw hypersensitivity in SCI rats. (A) Paw 
withdrawal thresholds in response to mechanical stimuli following intrathecal administration of vehicle (0.9% saline, open diamonds, n = 6) or 
1400W at 10 (open circles, n = 7), 50 (grey squares, n = 13) or 100 nM/5 μL (closed circles, n = 11) at 4 weeks post-SCI. (B) AUC calculated from %MPE 
values. (C) Motor-related side effects assessed by CBS score. All data are presented as mean ± standard error of the mean (SEM). *p < 0.05: vehicle 
versus 1400W treatment, #p < 0.05: pairwise comparison among the treated groups.

FIGURE 3    |    Effect of intrathecal administration of the selective nNOS inhibitor NPLA on mechanical paw hypersensitivity in SCI rats. (A) Paw with-
drawal thresholds in response to mechanical stimuli following intrathecal administration of vehicle (0.9% saline, open diamonds, n = 6) or NPLA at 50 (open 
circles, n = 5), 100 (grey squares, n = 10) or 200 nM/5 μL (closed circles, n = 10) at 4 weeks post-SCI. (B) AUC calculated from %MPE values. (C) Motor-related 
side effects assessed by CBS score. All data are presented as mean ± standard error of the mean (SEM). *p < 0.05: vehicle versus NPLA treatment.
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The AUC of the %MPE as calculated for time points between 
15 and 180 min after NPLA administration was not signifi-
cantly different from that for the vehicle control (Figure  3B). 
Intrathecally administered NPLA did not produce any signifi-
cant motor deficits at any of the doses tested (Figure 3C).

3.4   |   Intrathecal Administration of the eNOS 
Inhibitor L-NIO Produced No Effect on Mechanical 
Hypersensitivity or Motor Function in Rats With 
Spinal Contusion

The mechanical withdrawal thresholds were measured at 15-
min intervals for up to 180 min after intrathecal administration 
of L-NIO at concentrations of 50, 100 and 200 nM/5 μL. In the 
context of L-NIO, with a Ki value of 3.9 μM, doses up to 200 nM 
were administered, representing a concentration almost 20 
times lower. This decision was made in light of prior research 
indicating that L-NIO at a concentration of 2 μM results in focal 
cerebral ischemia in rats (Van Slooten et al. 2015).

The results indicated that L-NIO did not affect paw hypersen-
sitivity at any time point compared with the vehicle control 
(Figure 4A). Additionally, there were no significant changes in 
the AUC of %MPE or motor-function-related side effects at any 
of the doses tested (Figure 4B,C). Since there was no observed 
elevation in eNOS protein expression in the spinal cord, we hy-
pothesised that higher concentrations would elevate the likeli-
hood of adverse side effects without imparting extra therapeutic 
advantages.

3.5   |   Persistent iNOS Upregulation in Remote 
Spinal Segments Contributes to Chronic Mechanical 
Hypersensitivity After SCI

We analysed protein expression of the three types of NOS in the 
rostral (T9-T10), epicentre (T11-T12), caudal (L1-L2) and remote 
site (L4-L5) of the spinal cord 4 weeks after spinal contusion in 
rats. Protein expression of iNOS increased 2-fold in the L4-L5 
spinal segment of rats with experimental spinal contusion com-
pared with sham-operated rats (p = 0.004), while nNOS and 
eNOS showed no significant differences (Figure  5A,B). These 
results suggest that spinal contusion-induced iNOS activity may 

persist in regions distant from the injury site, such as the L4-L5, 
even as much as 4 weeks after the initial injury, potentially con-
tributing to the observed mechanical hypersensitivity in areas 
innervating the hind paws.

3.6   |   Spinal-Contusion-Induced iNOS in 
Superficial GFAP-Positive Cells Is Attenuated by 
the Selective iNOS Inhibitor 1400W

Immunohistochemistry confirmed the cellular localization 
of iNOS in the L4-L5 spinal cord segments of sham-operated, 
4-week SCI and 4-week SCI treated with 1400W rats. iNOS-
immunoreactivity (IR) colocalized with NeuN-IR across all 
groups (Figure 6A–C). The percentage of iNOS-IR colocalized 
with NeuN-IR, relative to the total number of DAPI-stained cells, 
decreased in both SCI and 1400W-treated SCI rats compared to 
sham-operated controls (F = 10.223, p < 0.001, p = 0.006, respec-
tively), but showed no significant difference between SCI and 
1400W-treated SCI rats (Figure 6D).

iNOS-IR was not observed with GFAP-IR of the sham group 
(Figure  6E), while it did colocalize with GFAP-IR in the su-
perficial layer of both 4-week post-SCI and 1400W-treated SCI 
rats (Figure  6F,G). The maximum branch length of GFAP-IR 
was significantly greater in SCI rats than in sham-operated rats 
(F = 21.456, p < 0.001), and significantly lower in 1400W-treated 
SCI rats than in SCI rats (Figure 6H p < 0.001). The integrated 
density of iNOS in the superficial lamina was significantly in-
creased in SCI rats compared with sham-operated controls 
(F = 56.402, p < 0.001), and significantly decreased in 1400W-
treated SCI rats compared with SCI rats (Figure 6L p < 0.001). 
However, no colocalization of iNOS with OX42-IR was detected 
in any group (Figure 6I–K). These results demonstrate that the 
selective iNOS inhibitor 1400W attenuated iNOS-IR density and 
reactive astrocyte morphology without affecting neuronal iNOS 
expression.

4   |   Discussion

The present study revealed that iNOS, which is primarily as-
sociated with inflammatory processes, plays an important 
role in below-level neuropathic pain following SCI. Spinal 

FIGURE 4    |    Effect of intrathecal administration of the eNOS inhibitor L-NIO on mechanical paw hypersensitivity in SCI rats. (A) Paw withdraw-
al thresholds in response to mechanical stimuli following intrathecal administration of vehicle (0.9% saline, open diamonds, n = 5) or NPLA at 50 
(open circles, n = 10), 100 (grey squares, n = 10) or 200 nM/5 μL (closed circles, n = 10) at 4 weeks post-SCI. (B) AUC calculated from %MPE values. (C) 
Motor-related side effects assessed by CBS score. All data are presented as mean ± standard error of the mean (SEM).
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contusion induces long-lasting low-grade chronic inflam-
mation that extends beyond the injured epicentre to adja-
cent rostral and caudal regions (Fleming et  al.  2006; Franz 
et  al.  2014). This widespread inflammatory response is ac-
companied by increased iNOS activity in supraspinal regions 
(Wang et al. 2022; Xu et al. 2001; Yang et al. 2007). Extending 
these findings, our study showed that expression of iNOS 
protein was increased in the remote L4-L5 segment during 
the chronic phase after spinal contusion injury. Notably, this 

region innervates the hind paws in rats, which is crucial for 
below-level pain. This finding suggests that elevated iNOS 
expression in these regions may be associated with sustained 
inflammatory processes, potentially contributing to chronic 
hypersensitivity after SCI.

To determine the cellular localisation of spinal iNOS, we per-
formed immunohistochemical analyses using cellular markers 
for astrocytes, microglia and neurons.

FIGURE 5    |    Protein expression of NOS subtypes in the spinal segments following SCI. (A) Representative western blot images showing iNOS, 
nNOS, eNOS and Ponceau S bands from rostral, epicentre, caudal and remote segments. (B) Bar graph showing quantification of the band intensity 
(B) for iNOS (light grey), nNOS (middle grey) and eNOS (dark grey) at 4 weeks after SCI (n = 5) and sham-operated (n = 5). Protein expression was 
normalised to the sham-operated group (set as 1, dashed line) relative to the Ponceau S band (loading control). All data are presented as mean ± stan-
dard error of the mean (SEM). *p < 0.05: sham versus SCI.

FIGURE 6    |    Cellular localisation and quantification of iNOS-IR in the L4-L5 spinal segment following SCI. Representative immunofluorescence 
images of iNOS-IR (A–C, E–G, I–K; red), NeuN-IR for neurons (A–C; green), GFAP-IR for astrocytes (E–G; green) and OX42-IR for microglia (I–K; 
green) in the L4-5 spinal segment. Images are representative of sham-operated, 4-week SCI and 4-week SCI with 100 nmol/5 μL 1400W rat group. 
Scale bar: 50 μm, white. Quantification of confocal images of lamina I-III of the L4-L5 spinal segment (D, H, L) from sham-operated (closed circles), 
SCI (closed squares) and SCI with 100 nmol/5 μL 1400W groups (closed triangles) was performed using ImageJ. All data are presented as mean ± stan-
dard error of the mean (SEM). *p < 0.05: sham versus SCI, #p < 0.05: SCI versus SCI with 1400W, n.s: no significance.
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A critical finding was iNOS-IR in GFAP-positive cells within 
the superficial layers of the L4-L5 segments after spinal con-
tusion, whereas this pattern was not observed under normal 
conditions. This result is noteworthy as astrocytes may play 
a significant role in inflammation due to their direct contact 
with blood vessels in the central nervous system (CNS) (Lee 
et al. 2023). Consistent with our findings, Nesic et al.  (2005) 
reported that protein expression of astrocyte activation mark-
ers such as GFAP, S100β and AQP4 was more pronounced 
in the caudal region compared to the rostral region for up 
to 9 months after spinal contusion in rats. This suggests that 
astrocyte activation in this region is associated with chronic 
neuropathic pain. In addition, the mechanism underlying the 
increased iNOS activity may be linked to increased expres-
sion of pro-inflammatory cytokines in astrocytes. Previous 
studies have demonstrated that pro-inflammatory cytokines 
activated by canonical NF-κB signalling pathways, such as 
IL-1β and IFN-γ, stimulate iNOS expression in human pri-
mary cultured astrocytes (Arias-Salvatierra et al. 2011; Jana 
et al. 2005). These results suggest that inhibition of astrocytic 
iNOS activity could have therapeutic potential for below-level 
pain in the chronic phase after SCI.

The iNOS-IR was detected in NeuN positive cells in both sham 
and SCI rats. Similar to our present study, Xu et al. (2001) re-
ported that iNOS-IR was present in neurons and glial cells at 
the injury site at 7 days after SCI. Duarte- Silva et al.  (2021) 
identified inducible nitric oxide synthase immunoreactivity 
in neuronal cells within the spinal cord of an experimental 
autoimmune encephalomyelitis model using the same anti-
body that was employed in our investigation. In brain tissue, 
iNOS is detected in both neurons and astrocytes but appears 
in non-overlapping regions (Cespuglio et  al.  2019). Chen 
et  al.  (2024) additionally documented congruent results in a 
rat model of traumatic brain injury utilising an alternative 
iNOS antibody from Invitrogen (PA1-036). This study noted 
that neuronal iNOS is expressed at lower levels under non-
inflammatory conditions, and its role may differ from that of 
nNOS. However, it is not possible to definitively exclude the 
possibility that the iNOS-IR signal observed with NeuN-IR 
may be non-specific. Nevertheless, the possibility of neuronal 
iNOS expression cannot be disregarded, given that various 
studies have documented iNOS-IR in cells that bear resem-
blance to neurons. Additional studies should be conducted to 
confirm and expand upon these results.

To investigate the therapeutic potential of NOS inhibition, we 
examined changes in paw hypersensitivity after administra-
tion of a non-selective NOS inhibitor, L-NAME. In our present 
study, L-NAME effectively reduced paw hypersensitivity, but 
also induced motor function-related side effects. L-NAME reg-
ulates not only the NOS system but also fatty acid oxidation, 
redox homeostasis and intracellular iron-containing systems 
(Liu et al. 2019; Peterson et al. 1992). Liu et al. (2019) predom-
inantly examine the function of peroxisomes in adipocytes, 
particularly their involvement in fatty acid oxidation and the 
maintenance of redox homeostasis. Although the reference of-
fers significant information on the potential of L-NAME in the 
regulation of redox processes, it does not explicitly endorse the 
assertion that L-NAME releases NO. Peterson et al.  (1992) in-
vestigate the impact of L-NAME on the reduction of cytochrome 

C within intracellular iron-containing systems. In the current 
investigation, L-NAME demonstrated efficacy in decreasing 
paw hypersensitivity, while also producing side effects related 
to motor function. These references indicate that L-NAME may 
have unintended effects beyond its primary function as a nitric 
oxide synthase (NOS) inhibitor.

To overcome the constraints of L-NAME, we investigated spe-
cific NOS isoforms involved in regulating abnormal sensitivity 
after SCI. 1400W demonstrates a high level of selectivity as an 
inhibitor of inducible nitric oxide synthase (iNOS), showing 
at least 5000-fold selectivity for iNOS over endothelial NOS 
(eNOS) and 200-fold selectivity over neuronal NOS (nNOS) 
(Garvey et al. 1997). Nω-Propyl-L-arginine (NPLA) exhibits sig-
nificant selectivity towards nNOS, demonstrating an inhibitory 
potency that is 3000 times higher than that for iNOS and 150 
times higher than that for eNOS (Zhang et al. 1997). L-N5-(1-
iminoethyl) ornithine (L-NIO) exhibits a favourable selectivity 
towards inhibiting eNOS in comparison to other NOS isoforms 
(Jiang et al. 2002; Mulligan et al. 1992; Wolff et al. 1998).

In our present investigation, mechanical hypersensitivity in the 
paw was diminished within a 3-h timespan upon the inhibition 
of iNOS in the chronic phase after spinal contusion. This finding 
suggests that the inhibitory effect on iNOS may only be effective 
within a 3-h time frame, as no additional improvement was noted 
after this period. This result represents a significant improve-
ment over systemic administration of 1400W, which requires up 
to 66 h to reduce paw hypersensitivity due to delayed distribution 
to the brain (Staunton et al. 2018). Thus, intrathecal 1400W inter-
vention may be helpful to attenuate neuropathic pain as it offers 
a rapid onset of action with minimal motor-related side effects.

In addition, the increased iNOS hyperactivity within GFAP-
positive cells was attenuated by 1400W, which did not affect the 
neuronal expression of iNOS. This selective effect on astrocytic 
iNOS, while preserving neuronal iNOS, may be beneficial in 
maintaining physiological NO signalling in neurons while re-
ducing pathological NO production in reactive astrocytes.

Recently, astrocytes are categorised into five subpopulations (A-E 
types) that display varying distributions across the CNS region 
and perform distinct functions (Allahyari et  al.  2022; Batiuk 
et al. 2020). They have diverse functions to support neuronal func-
tions, including metabolic and nutrient support, maintenance of 
ion homeostasis, neurotransmitter buffering and involvement in 
the inflammatory process for neuron repair. This highlights the 
importance of selectively regulating the function of astrocytes. 
Among these subtypes, Hes5 positive astrocytes belonging to 
subtype A are distributed in the dorsal horn of the spinal cord. 
Activation of these astrocytes is associated with the manifestation 
of allodynia-like behaviour (Sueto et al. 2024). On the other hand, 
activated astrocytes release not only pro-inflammatory cytokines 
but also anti-nociceptive substances such as IL-27, Lamp1, or 
Trail (Lee et  al.  2023; Xu et  al.  2021). Therefore, the specific 
regulation of iNOS-expressing astrocytes via intrathecal 1400W 
administration may be a more effective approach to mitigating 
paw hypersensitivity in comparison to the use of broad-spectrum 
astrocyte inhibitors. Suppression of the entire astrocyte popula-
tion could potentially impact various functions of astrocytes, in-
cluding pain modulation. As a result, it is generally likely that 
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the behavioural outcomes will deviate from initial expectations. 
At present, there is a lack of pharmacological interventions that 
target astrocytes based on their specific subtypes. Hence, it would 
be worthwhile to study their potential use in the event that such 
medications are produced in the future.

In contrast to iNOS, we found no changes in either constitutive 
NOS (cNOS: nNOS or eNOS) expression in caudal regions after 
spinal contusive injury. We also injected NPLA or L-Nio to in-
hibit nNOS and eNOS, respectively. There was no significant re-
duction in hypersensitivity observed with intrathecal nNOS or 
eNOS antagonists, as opposed to iNOS inhibition. These results 
could potentially be explained by differences in the roles of NO 
produced by iNOS and cNOS (Xu et al. 2001; Zhao et al. 1998). 
nNOS is located downstream of the signalling pathway reg-
ulated by GluN2B. In our previous study, it was observed that 
spinal contusive injury did not result in an increase in GluN2B 
expression or produce significant analgesic effects from GluN2B 
antagonists, in contrast to findings from the spinal hemisection 
model (Kim et al. 2012). Thus, it can be concluded that spinal 
cord contusion-induced paw hypersensitivity may be more in-
fluenced by iNOS-related signalling pathways in comparison to 
eNOS or GluN2B-nNOS signalling.

In conclusion, selective inhibition of astrocytic iNOS represents 
a promising therapeutic approach for regulating chronic neuro-
pathic pain following SCI. Recently, there has been a trend to-
wards categorising astrocytes into various types based on their 
diverse functions (Lin et  al.  2017). Although the specific type 
of astrocyte responsible for the overexpression of iNOS was not 
identified, future research efforts should be directed towards in-
vestigating the involvement of distinct subpopulations of astro-
cytes in neuroinflammation following SCI.
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