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Abstract

Individuals with spinal cord injury (SCI) often develop debilitating neuropathic pain, which may be driven by neuronal

damage and neuroinflammation. We have previously demonstrated that treatment using 670 nm (red) light irradiation

alters microglia/macrophage responses and alleviates mechanical hypersensitivity at 7 days post-injury (dpi). Here, we

investigated the effect of red light on the development of mechanical hypersensitivity, neuronal markers, and glial

response in the subacute stage (days 1–7) following SCI.

Wistar rats were subjected to a mild hemi-contusion SCI at vertebra T10 or to sham surgery followed by daily red-light

treatment (30 min/day; 670 nm LED; 35 mW/cm2) or sham treatment. Mechanical sensitivity of the rat dorsum was

assessed from 1 dpi and repeated every second day. Spinal cords were collected at 1, 3, 5, and 7 dpi for analysis of

myelination, neurofilament protein NF200 expression, neuronal cell death, reactive astrocytes (glial fibrillary acidic

protein [GFAP]+ cells), interleukin 1 b (IL-1b) expression, and inducible nitric oxide synthase (iNOS) production in

IBA1+ microglia/macrophages. Red-light treatment significantly reduced the cumulative mechanical sensitivity and the

hypersensitivity incidence following SCI. This effect was accompanied by significantly reduced neuronal cell death,

reduced astrocyte activation, and reduced iNOS expression in IBA1+ cells at the level of the injury. However, myelin and

NF200 immunoreactivity and IL-1b expression in GFAP+ and IBA1+ cells were not altered by red-light treatment. Thus,

red-light therapy may represent a useful non-pharmacological approach for treating pain during the subacute period after

SCI by decreasing neuronal loss and modulating the inflammatory glial response.
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Introduction

The World Health Organization estimates between

250,000 and 500,000 people suffer from spinal cord injury

(SCI) each year globally with an incidence of up to 1000 per mil-

lion.1,2 About 65–80% of patients with SCI develop neuropathic

pain,3–6 which is considered severe in 20–30% of cases.7 Multi-

therapeutic approaches utilizing combinations of pharmacological

intervention, exercise, massage, and physiotherapy are often em-

ployed to manage neuropathic pain; however, these approaches

require significant resources from different professionals and

family members, and are generally inefficient.7,8

Neuropathic symptoms, including sensory hypersensitivity (e.g.,

stimulus-evoked pain, dysesthesia, or pinprick hyperalgesia) in

dermatomes corresponding to the lesion level are common is pa-

tients with SCI.9 Numerous mechanisms have been implicated in

the development of neuropathic pain following SCI, including

structural damage (e.g., apoptosis, demyelination, and cytoskele-

tal damage), biochemical damage and excitotoxicity, neuroin-

flammation (e.g., glial activation and cytokine secretion), enzyme

dysregulation, and neuronal hyperexcitability.10 Microglia/

macrophages, astrocytes, and oligodendrocytes can significantly

influence neuropathic pain post-SCI.11 For example, a major pro-

inflammatory cytokine secreted by glial cells, interleukin 1 beta

(IL-1b), is believed to sensitize dorsal horn neurons that are re-

sponsible for both the development of, and for providing positive

feedback to enhance and maintain neuropathic pain.12–16 Nitric

oxide (NO), which is mainly derived from microglial inducible

NO synthase (iNOS), has been shown to modulate long-term po-

tentiation of C-fibers that eventually leads to hypersensitivity.17

Several studies have shown that by altering some of these key

inflammatory mediators, it might be possible to stall the develop-

ment of neuropathic pain, or even depress its severity following

SCI.18–21
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Light therapy refers to the application of light irradiation, using

laser or light-emitting diodes (LED), to modulate the cellular bi-

ology in the pursuit of clinical benefits. Wavelengths between

630 nm and 830 nm have been demonstrated to reduce glial acti-

vation and reduce secretion of inflammatory cytokines in different

injury models, including SCI.22,23 We have previously established

that 670 nm treatment in SCI rats reduces microglia/macrophage

activation and alleviates mechanical hypersensitivity at 7 days

post-injury (dpi).21 In the present study, we examined the effects of

670 nm treatment during the subacute phase of recovery (prior to

7 dpi) following SCI on: 1) the development of mechanical hy-

persensitivity; 2) myelination and neuronal apoptosis; and 3) as-

trocyte and microglia/macrophages presence in the spinal cord

and their associated IL-1b and/or iNOS expression in the white

matter tracts.

Methods

Animals and spinal cord injury

Sibling male Wistar rats, 52 – 4 days old, were used for this study
with ethics approvals from the Australian National University
Animal Experimentation Ethics Committee. Animals were held
in individually ventilated cages with environmental enrichment,
standard food, and water ad libitum. The housing facility was
maintained at 20�C with a 12-h dark/light cycle. Animals were
housed for 2 weeks prior to experimentation, and all experiments
were carried out during the light cycle. Animals were anesthetized
using isoflurane (1.7–2.3 v/v %) while being maintained at 37�C by
a heat mat during all surgical procedures. Laminectomy was per-
formed at the T10 vertebra, where the dura mater and arachnoid
were removed. A 10-g weight drop from 25 mm above the spinal
cord was used to induce a hemi-contusion on the right side of the
spinal cord.21,24 Sham-injured animals underwent the same surgical
procedures without the impaction. All animals received subcuta-
neous injections of antibiotics (cephalothin sodium; DBL) after
surgery and once every 24 h throughout the recovery period at a
dosage of 15 mg/kg/12 h. Animals were returned to their home cage
after the effects of anesthesia had subsided.

Treatment

SCI animals were divided into untreated (SCI; n = 40) and
670 nm treated (SCI+670; n = 33) groups. Sham-injured ani-
mals were divided into untreated (sSCI; n = 12) and 670 nm treated
sSCI+670; n = 11 groups. Treatments commenced 2 h after the
surgery and were repeated every 24 h after behavioral sensitivity
testing. For the duration of the treatment, animals were contained
in a transparent Perspex box in their own cages. A commercially
available LED array (75 mm2) that provided light at 670 –15 nm
with a measured irradiance of 35.4 – 0.05 mW/cm2 (WARP 75A;
Quantum Devices, Inc.) was placed directly above a Perspex box
for light-treated animals (SCI+670 and sSCI+670 groups). With
this light source, we have previously measured the irradiance at
the ventral surface of the spinal cord to be 3.2 – 0.6 mW/cm2 in
a similar cohort of animals, as well as have described details of
the spectral features and irradiance measurements of this light
source.21 The treatments were delivered for 30 min per day
(63.7 – 0.09 J/cm2 per session) to the dorsal surface of the animal.
Untreated animals (SCI and sSCI groups) were handled in the same
way without the LED being turned on (sham treatment).

Sensitivity testing

All animals were subjected to sensitivity testing on every odd
day from 1 dpi as we have previously described.21 All sessions were
carried out by the same assessor, who was blinded to experimental

groups. Briefly, a nylon filament (OD: 1.22 mm; mass delivered:
2.86 – 0.09 g) was used to deliver non-noxious tactile stimuli to six
defined regions: dermatomes innervated by nerves above the level
of the injury (dermatomes C6–T3), at the level of the injury (der-
matomes T9–12), and below the level of the injury (dermatomes
L2–5) on both ipsilateral and contralateral sides. At each region, 10
consecutive stimuli were applied, and responses were categorized
into four different categories: 1) no response; 2) acknowledgement
of the stimulus; 3) sign of pain avoidance behavior including
moving away from the stimulus; 4) severe pain avoidance behavior
including jumping, running, and vocalization. The categories were
then assigned a weight individually (0, 1, O2, and 2) and the
summation of the 10 responses gave the regional sensitivity score
(RSS). The summation of the six RSSs gave the cumulative sen-
sitivity score (CSS). A group of age-matched male Wistar rats were
also included in the sensitivity testing as non-injured control ani-
mals (CON; n = 7). A hypersensitivity threshold was defined as 2
standard deviations (SDs) above the mean of CON animals. Hy-
persensitivity incidence was thus calculated as the percentage of
animals whose CSS exceeded the hypersensitivity threshold. See
the article by Hu and colleagues for more details on sensitivity
testing.21

Tissue collection and processing

At the end of designated recovery periods (1, 3, 5, and 7 dpi),
animals were euthanized and perfused transcardially with 0.9%
(w/v) saline followed by 4% (w/v) paraformaldehyde. The spinal
cord was dissected, and then it was cryoprotected in 30% (w/v)
sucrose solution for at least 24 h before cryosectioning. Spinal cord
sections 1.5 mm rostral and 1.5 mm caudal to the injury epicenter
were placed in Tissue-Tek optimal cutting temperature (OCT)
compound (IA018; Proscitech) and then sectioned horizontally at
20 lm thickness on a cryostat (CM1850; Leica Microsystems) at
-20�C.

Terminal deoxynucleotidyl transferase dUTP
nick end labeling

The same protocol was used as published previously.21 Slides
were incubated with 1:10 terminal deoxynucleotidyl transferase
(TdT) buffer for 10 min and subsequently in reaction mixture
(0.12% v/v TdT [3333574001, Roche Applied Science]; 0.25% v/v
2’-deoxyuridine 5’-triphosphate [dUTP; 11093070910, Roche
Applied Science]; 10.51% v/v TdT buffer) for 1 h at 37�C. This was
followed by 15 min incubation with 1:10 saline-sodium citrate
(SSC) buffer and blocking with 10% v/v normal goat serum in
0.1 M phosphate-buffered saline (PBS) for 10 min. Slides were then
incubated with 0.1% v/v streptavidin 488 (S-11223, Invitrogen) at
37�C for 30 min. This was followed by immunohistochemistry
where appropriate.

Immunohistochemistry

Standard immunohistochemistry procedures were followed.
Slices around the injury epicenter were dehydrated in 70% ethanol
and then rehydrated in distilled water and subsequently in 0.1 M
PBS. The antigen retrieval step involved incubation in Reveal-it
Solution (AR2002, ImmunoSolution) for 6–12 h at 37�C followed
by 0.1 M PBS washes. Slides were blocked in 20% (v/v) normal
donkey serum in 0.1 M PBS with 0.1% (w/v) bovine serum albumin
(BSA) for 1 h at room temperature before the addition of primary
antibodies. Primary antibodies (myelin basic protein [1:1000, Ab-
cam ab40390], NeuN [1:200, Abcam ab104224], NF200 [1:1000,
Invitrogen 131200], glial fibrillary acidic proteim [GFAP; 1:1000,
Dako Z0334], IL-1b [1:200, R&D systems AF501-NA], IBA1
[1:200, Wako 019-19741 and Abcam ab5076], and uNOS [1:150,
Invitrogen PA1-039]) were diluted in 0.1M PBS containing 2%
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(v/v) normal donkey serum and 0.1% (w/v) BSA and then were
incubated overnight at 4�C. Negative controls were also included
where the primary antibodies were excluded.

Slides were washed with 0.1M PBS followed by secondary an-
tibody incubations at room temperature for 1–2 h. Secondary an-
tibodies (goat anti mouse Alexa Fluor 488 [1:1000, Invitrogen
A-11001], goat anti rabbit Alexa Fluor 594 [1:1000, Invitrogen
A-31631], donkey anti-goat Alexa Fluor 594 [1:500, Abcam
ab150132], and donkey anti-rabbit Alexa Fluor 488 [1:1000, In-
vitrogen A-21206]) were diluted in the same way as primary an-
tibodies and followed by 0.1 M PBS washes. Slides were then
incubated in 1:1000 (v/v) diluted Hoechst solution (94403; Sigma-
Aldrich) and then washed off using 0.1 M PBS.

Image acquisition and quantification

Slides were scanned and imaged using a Nikon A1 confocal
microscope fitted with a camera (DS-Qi1; Nikon). In MBP/NF200/
Hoechst staining, the entire cross section of the spinal cord at the
injury epicenter was scanned using three lasers (405 nm, 488 nm,
and 561 nm) under 10 · magnification with a z-plane of at least
10 lm in depth. In NeuN/TUNEL/Hoechst staining, six represen-
tative images were imaged in the dorsal, intermediate, and ven-
tral regions of the spinal cord on both ipsilateral and contralateral
sides under 20 · magnification using the same lasers and the same
z-plane configurations as above. All imaging and laser settings
were kept constant for all animals for each staining. Images were
then transferred offline for analysis using ImageJ version 1.46r.25

NeuN/Hoechst and NeuN/TUNEL/Hoechst stainings were ana-
lyzed using the Cell Counter plugin as described earlier.21 NF200
was expressed as particles (density/mm2). The regions of interest
were defined and quantified prior to cell counting covering a
minimum area of 0.1 mm2. Myelin basic protein (MBP) was ana-
lyzed as % area of fluorescence.

In GFAP/Hoechst staining, the entire cross section of the spinal
cord at the injury level was scanned using two lasers (405 nm and
488 nm) under 10 · magnification with a z-plane of at least 10 lm in
depth. In GFAP/IL1b/Hoechst, IBA1/IL-1b/Hoechst, and IBA1/
uNOS/Hoechst staining, six representative images were taken in
the dorsal, lateral, and ventral spinal cord funiculi at the injury level
on both ipsilateral and contralateral sides under 20 · magnification
using three lasers (405 nm, 488 nm, and 561 nm) and the same
z-plane configuration as above. All imaging and laser settings were
kept constant for all animals for each staining. Images were then
analyzed offline using ImageJ version 1.46r.25 GFAP was analyzed
as fluorescence per % area, whereas GFAP/IL-1b/Hoechst, IBA1/
IL-1b/Hoechst, and IBA1/uNOS/Hoechst stainings were analyzed
using the Cell Counter plugin as described earlier.21 The areas of
interest were defined and quantified prior to cell counting covering
a minimum area of 0.1mm2. Cell quantification is expressed as the
number of cells per unit area (mm2).

Statistical analysis

All data were expressed as mean – standard error of the mean
(SEM) unless otherwise stated. Statistical analysis was carried
out using R.26 General linear mixed-effects models (GLMER;
glmer function in R for binomially distributed data) or linear
mixed-effects models implementing Satterthwaite’s approximation
(LMER; lmer function in R) were used for multiple factor analysis
accounting for random effects.27 LMER was followed by Tukey or
false discover rate post hoc adjustments for pairwise comparisons
implemented by estimated marginal means (emmeans fuction in R)
where appropriate. Log transformations (log[x + 1]) were per-
formed when the data were heteroscedastic and improved model
fitting. Model fitting was assessed by inspection of residual plots
and calculating Akaike information criterion (AIC function in R).28

For data that failed to fit LMER models, a cumulative link mixed
model was fitted, accommodating one random factor, with the
Laplace approximation (CLMM; clmm2 function in R).29 The
CLMM required categorizing scores into bins that best represented
the data. Histograms of complete data sets (blind to groups) were
inspected to determine natural breaks in the data to define each
category. CLMM models were assessed with Akaike information
criterion as well as inspection by plotting the observed data against
the model predicated values, and comparing a linear model made
with these data to a line with an intercept of zero and a slope of 1.
Post hoc pairwise comparisons were performed using a Wilcoxon
rank sum test on raw scores where applicable, with Bonferroni
p-value correction.

Both models accommodated up to four fixed factors (treatment,
side, regions, and time) and one (CLMM: animal identification) or
two (LMER: animal identification nested within their respective
families) random factors. Models of CSSs were confirmed against
models of RSSs, which enables more factors and thereby improved
model fitting and statistical power. P-values less than 0.05 were
considered as statistically significant.

Results

Red-light reduces the level and incidence
of mechanical hypersensitivity

To determine whether red-light treatment affects mechanical

hypersensitivity during the subacute phase of SCI, we measured

mechanical sensitivity in control, untreated, and light-treated SCI

and sham-operated rats. We first assessed the range of CSSs of

uninjured CON animals by quantifying the sum of RSSs of unin-

jured normal CON animals (n = 7; Fig. 1A). Most animals had a mix

of category 1 and category 2 responses, except for one animal that

demonstrated two category 3 responses at the contralateral Above-

Level region. The CON group had a mean CSS of 2.75 and a SD

of 2.09, and consequently a hypersensitivity threshold of 6.92

(mean +2 · SD) was established. The Above-Level region was

more sensitive than the At-Level region ( p = 0.041, LMER, Tukey

post hoc), whereas differences between sides failed to reach sig-

nificance ( p = 0.073, LMER).

We then quantified mechanical sensitivity responses at 1–7 dpi

in animals with SCI (SCI, untreated) and SCI with 670 nm light

treatment (SCI+670, Fig. 1B; see Fig. 2 for n values). Compared

with the CON group, CSSs were significantly elevated in the SCI

group ( p = 0.040, LMER, Tukey), but not the SCI+670 group

( p = 0.55, LMER, Tukey) over the 7-day recovery period. Further,

the SCI+670 group displayed a significant reduction of CSSs

compared with the SCI group ( p = 0.0097, LMER, Tukey). There

was no time effect ( p = 0.86) or interaction between treatment and

time ( p = 0.80) in the SCI groups (Fig. 1B).

In sham-injured groups (sham-injured + untreated, sSCI; sham-

injured + 670 nm treated, sSCI+670) that were subjected to the

same sensitivity testing (Fig. 1C), a significant effect of red-light

treatment on CSSs was observed ( p = 0.018, CLMM). Post hoc

analysis revealed that CCSs of sSCI animals were not significantly

different from those of the CON group ( p = 1.0, Wilcoxon rank

sum, Bonferroni adjusted); however, interestingly, the CSSs of the

sSCI+670 group was significantly reduced compared with both

CON and sSCI groups ( p = 0.0003 and p = 0.0075, respectively;

Wilcoxon rank sum, Bonferroni adjusted).

To assess the spatial effects of injury and treatment on me-

chanical hypersensitivity, RSSs in six regions were analyzed across

up to 7 dpi (Fig. 2, Supplementary Figs. S1 and S2). Congruent with

the analysis above, the SCI+670 group displayed an overall
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reduction in mechanical sensitivity compared with the SCI group

( p = 0.004, CLMM; Fig. 2A–D, left panel), and similarly, the

sSCI+670 group also displayed a significant reduction in me-

chanical sensitivity compared with the sSCI group ( p = 0.006;

CLMM; Fig. 2A–D, right panel). For injured groups, the treatment

effect was most evident at 1 dpi ( p = 0.010, Fig. 2A, left) and 3 dpi

( p = 0.024, Fig. 2B, left), whereas for the sham-injured groups, the

effect of red-light was most obvious at 1 dpi ( p = 0.029, Fig. 2A,

right). Interestingly, a significant reduction of RSSs following red-

light treatment in both injured and sham-injured groups was de-

tected in animals that did not develop hypersensitivity (Supple-

mentary Fig. S1).

To determine whether red-light treatment also affects the inci-

dence of animals developing mechanical hypersensitivity (see

Supplementary Fig. S2 for RSSs), we analyzed the proportion

of animals with a CSS greater than the hypersensitivity threshold in

all treatment groups from day 1–7 following SCI or sham injury

(Table 1). Following injury, over half of the SCI group developed

hypersensitivity up to 5 dpi, and only approximately one-third in

the SCI+670 group. Although the effect of red-light signifi-

cantly reduced the incidence of developing hypersensitivity over

the 1- to 5-dpi period ( p = 0.037, GLMER), the effect failed to

reach significance across the entire 7-day period ( p = 0.080,

GLMER). There was no significant difference in the incidence of

sham-injured animals reaching the hypersensitivity threshold be-

tween the two groups; however, only a few animals in each group

developed hypersensitivity (Table 1).

These behavioral results indicate that red-light treatment reduces

mechanical sensitivity scores following both SCI and sham injury,

and that red-light treatment reduces the incidence of developing

hypersensitivity for at least the first 5 days.

Red-light does not affect the level of myelination
and heavy neurofilament expression

To determine whether red-light treatment affects axons in the

injured spinal cord, immunohistochemical analysis was carried out

to assess the degree of myelination (MBP staining) and density of

axons (NF200 expression) at different time-points post-injury.

The percentage area of positive MBP staining was analyzed

from both sides over the recovery points in both SCI groups

(Fig. 3). On the side contralateral to the injury (Fig. 3C), the

FIG. 1. Cumulative sensitivity is increased up to 7 dpi following mild T10 hemi-contusion SCI but reduced after red-light treatment.
(A) RSSs of the CON group (n = 7) showing the mean + SEM, mean, and mean – SEM in concentric order as indicated by the color scale
and accompanying gray legend (insert). RSSs, obtained from six regions (left and right sides; ‘‘Above-Level,’’ ‘‘At-Level,’’ and
‘‘Below-Level’’ relative to T10 injury), are overlaying a schematic representation of the rat dorsum, with C2, T1, L1, and S1 dermatomes
and midline indicated (gray lines). Statistical comparison between levels is indicated by the black bracket. (B) CSSs in all spinal-cord
injured animals with (SCI+670) or without (SCI) red-light treatment. (C) CSSs in all sham-injured animals with sSCI+670 or without
(sSCI) red-light treatment. Green-dashed line indicates hypersensitivity threshold (6.92) derived from CON group (see Methods section).
Statistical comparison between levels in CON group (vertical bracket, CLMM) and between SCI and SCI+670 groups across the time-
points (black line, CLMM) are indicated. Data are expressed as mean – SEM; *p < 0.05, **p < 0.01. See Figure 2 for n values for all groups
at each time-point. CLMM, cumulative link mixed model; CSS, cumulative sensitivity score (sum of RSSs); CON, non-injured control;
dpi, days post-injury; RSS, regional sensitivity score; SEM, standard error of the mean. Color image is available online.
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percentage area positive for MBP staining was around 50–60%

throughout the recovery period in both groups. This level of

staining was similar to the CON group (Fig. 3C). On the ipsilateral

side of the spinal cord (Fig. 3D), there was significantly less area of

MBP+ staining compared with the contralateral side in both injury

groups ( p = 1.5e-08, LMER). Compared with the CON group, the

ipsilateral side was significantly reduced in both the SCI ( p = 0.004,

LMER) and SCI+670 ( p = 0.0362, LMER) groups.

Analysis of the heavy neurofilament NF200 in the spinal cord

gray matter following injury with and without 670 nm treatment

(Fig. 4) was carried out from three regions (dorsal, intermediate,

and ventral) across both sides of the spinal cord (Fig. 4A). In CON

FIG. 2. At-Level and Above-Level regional sensitivity are reduced by red-light treatment. RSSs in SCI (blue), SCI+670 (red), sSCI
(light blue), and sSCI+670 (pink) animals at (A) 1 dpi, (B) 3 dpi, (C) 5 dpi, and (D) 7 dpi are shown for all animals investigated.
Arrowheads indicate location of T10 hemi-contusion injury (small black circles) in SCI groups. Statistical comparisons between two
groups across all time-points (black bracket, CLMM), across all levels at individual time-points (black lines, CLMM), and between two
groups at different levels (gray lines, CLMM) are indicated. Data are expressed as mean – SEM as per Figure 1A inset; n values indicated
for each group; *p < 0.05, **p < 0.01, p-value indicated for 0.1 < p < 0.05. CLMM, cumulative link mixed model; dpi, days post-injury;
RSS, regional sensitivity score; SCI, spinal-cord injured untreated; SCI+670, spinal-cord injured + red-light treatment; sSCI, sham-injured
untreated; sSCI+670, sham-injured + red-light treatment; SEM, standard error of the mean. Color image is available online.
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animals, all six regions showed comparable levels of NF200

density (a total average of 12,575 – 915 particles/mm2) with no

significant difference on either side ( p = 0.94, LMER), region

( p = 0.50, LMER), or combinations of side and region ( p = 0.97,

LMER; Fig. 4C–H).

Following SCI, there was an overall significant reduction in

NF200 density across all regions and sides of the spinal cord

compared with the control group (SCI, p = 0.0002; SCI+670,

p = 0.0004; LMER, Tukey). No significant differences between the

SCI and SCI+670 groups across all regions and sides was observed

( p = 0.71, LMER). The dorsal regions showed a significant re-

duction compared with the intermediate ( p = 0.031, LMER, Tukey)

and ventral ( p = 0.0002, LMER, Tukey) regions. Across all regions

and sides, the 7 dpi time-point showed an overall significant re-

duction in NF200 density compared with earlier time-points (1–

3 dpi; p £ 0.037, LMER, Tukey). This time effect arose from the

intermediate ( p = 0.0012; LMER, Tukey) and ventral ( p = 5.6e-6,

LMER, Tukey) regions (Fig. 4E–H), but not the dorsal region

( p = 0.79, LMER, Tukey, Fig. 4C,D), which displayed a signifi-

cant reduction of NF200 particle density on the ipsilateral side

( p = 0.014, LMER, Tukey).

Red-light ameliorates the level of neuronal cell death

We stained the spinal cords against NeuN/DAPI (Supplementary

Fig. S3), as well as NeuN/TUNEL/DAPI, which marks neuronal

cells undergoing apoptosis or necrosis (Fig. 5). There was no sig-

nificant difference between groups in NeuN cell density, despite a

strong reduction in the ipsilateral side across all levels ( p < 2e-16,

LMER; Supplementary Fig. S3). Analysis of neuronal cell death

was carried out on the six regions of interest across both sides

of the spinal cord gray matter (Fig. 5A). Examples of NeuN/-

TUNEL/DAPI staining in both SCI and SCI+670 groups are

shown in Figure 5B. The vast majority of triple-labeled cells

Table 1. Red-Light Treatment Reduces Hypersensitivity Incidence after a Mild T10 Hemi-Contusion SCI

Days post-injury
SCI

(% hypersensitive)
SCI+670

(% hypersensitive)
sSCI

(% hypersensitive)
sSCI+670

(% hypersensitive)

1 dpi 56% (n = 20) 32% (n = 9) 25% (n = 2) 10% (n = 1)
3 dpi 57% (n = 13) 31% (n = 7) 14% (n = 1) 11% (n = 1)
5 dpi 54% (n = 7) 23% (n = 3) 17% (n = 1) 0
7 dpi 38% (n = 3) 50% (n = 4) 25% (n = 2) 0

Hypersensitivity incidence following SCI or sham-SCI is shown for untreated and red-light-treated groups, as the percentage of animals with scores
above the hypersensitivity threshold (see Fig. 1 for threshold, see Supplementary Fig. S2 for RSSs of hypersensitive animals).

dpi, days post-injury; RSS, regional sensitivity score; SCI, spinal cord injury.

FIG. 3. Ipsilateral demyelination was observed from 1–5 dpi post hemi-contusion SCI. (A) Schematic representation of the spinal cord
illustrates the approximate location of the injury epicenter (purple shaded area) and region of interest (dotted) for MBP labeling
quantification. (B) Example images are shown of positive MBP labeling (white) from sham- and light-treated groups ipsilateral to the
injury at the dorsal level at 7 dpi (region of example images indicated by small dashed box in A). (C,D) Quantification of MBP-positive
labeling, expressed as the percentage area of positive label above background within the region of interest (dotted boundaries in A),
contralateral (C), and ipsilateral (D) to the injury of sham- and light-treated groups. Data for control animals are shown (solid green,
mean; dotted green, SEM. All other data expressed as mean – SEM; n values indicated (legend) are for each time-point. dpi, days post-
injury; MBP, myelin basic protein; SCI, spinal cord injury; SEM, standard error of the mean. Color image is available online.
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arose at 1 dpi across all sides and regions (Fig. 5C–H). At this

time-point, red-light treatment significantly reduced the density

of NeuN+TUNEL+DAPI+ cells across all regions from the ipsi-

lateral ( p = 0.0009, LMER) but not contralateral side ( p = 0.28,

LMER).

Red-light reduces astrocyte reactivity in the spinal cord

We have previously demonstrated reductions in activated

microglia/macrophages following 670 nm treatment in SCI rats

after 7 days of recovery.21 To examine whether red-light treatment

FIG.4. NF200 density is reduced following spinal cord injury but not altered by red-light treatment. (A) The schematic representation of the
spinal cord illustrates the dorsal, intermediate, and ventral regions of interest for analysis (enclosed by dashed lines, 0.1 mm2). Approximate
location of injury is indicated (purple shaded area). (B) Example images of NF200 (green) positive labeling from spinal-cord injured sham- and
light-treated groups ipsilateral to the injury at dorsal level at 7 dpi. (C,D) Quantification of NF200+ labeling expressed as positive particle
density within the region of interest, in the dorsal region of the spinal cord, contralateral (C) and ipsilateral (D) to the injury of sham- and light-
treated groups. (E,F) NF200+ particle density in the intermediate regions of interest contralateral (E) and ipsilateral (F) to the injury. (G,H)
NF200+ particle density in the ventral regions of interest contralateral (G) and ipsilateral (H) to the injury. Data for control animals are shown
(solid green, mean; dotted green, SEM). All other data expressed as mean – SEM; n values indicated for each time-point (legend). See text for
statistical comparisons. dpi, days post-injury; SCI, spinal-cord injured animals without red-light treatment; SCI+670, spinal-cord injured
animals with red-light treatment; SEM, standard error of the mean. Color image is available online.
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also influences astrogliosis in the injured spinal cord, astrocyte

activation was quantified as the percentage area of GFAP+ immu-

nofluorescence across six regions of the spinal cord (Fig. 6A).

Examples of GFAP+ staining for SCI and SCI+670 groups are

shown in Figure 6B. Across groups, spinal cord regions and time,

GFAP+ area was significantly increased ipsilateral to the injury

compared with the contralateral side ( p = 6.3e-14, LMER). Across

all spinal cord regions, sides, and time, red-light significantly

reduced the GFAP+ area ( p = 0.0081, LMER), which mainly arose

3–7 dpi ( p = 0.0063, LMER). A group difference was evident in

FIG. 5. Neuronal cell death occurs early following spinal cord injury, which is reduced by 670 nm treatment. (A) The schematic repre-
sentation of the spinal cord illustrates the dorsal, intermediate, and ventral regions of interest for analysis (enclosed by dashed lines, 0.1 mm2).
Approximate location of injury epicenter is indicated by the purple shaded area. (B) Example images of NeuN (red), TUNEL (green), and DAPI
(blue) triple-positive cells from SCI untreated and light-treated groups ipsilateral to the injury at dorsal region at 1 dpi. (C,D) Quantification of
NeuN+TUNEL+DAPI+ cells, expressed as triple-positive cell density within the region of interest, in the dorsal region of the spinal cord,
contralateral (C) and ipsilateral (D) to the injury of untreated and light-treated groups. (E,F) NeuN+TUNEL+DAPI+ cell density in the
intermediate regions of interest contralateral (E) and ipsilateral (F) to the injury. (G,H) NeuN+TUNEL+DAPI+ cell density in the ventral
regions of interest contralateral (G) and ipsilateral (H) to the injury. Data are expressed as mean – SEM; n values indicated (legend) are for each
time-point. Statistical comparisons between SCI and SCI+670 (LMER) are shown; *p < 0.05, **p < 0.01. dpi, days post-injury; LMER, linear
mixed-effects models; SCI, spinal-cord injured animals without red-light treatment; SCI+670, spinal-cord injured animals with red-light
treatment; SEM, standard error of the mean. Color image is available online.
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FIG. 6. Spinal-cord injury induced astrocyte activation is reduced following red-light treatment. (A) The schematic representation of
the spinal cord illustrates the dorsal, lateral, and ventral regions of interest for analysis (enclosed by dashed lines, area of each box:
0.1 mm2). Approximate location of injury is indicated by the purple shaded area. (B) Example images are shown of positive GFAP
labeling (green) from untreated and light-treated groups ipsilateral to the injury at the dorsal region at 3 dpi. (C,D) Quantification of
GFAP+ labeling, expressed as the percentage area of positive label above threshold within the dorsal regions of interest contralateral
(C) and ipsilateral (D) to the injury of untreated and light-treated groups. (E,F) GFAP+ label in the lateral regions of interest
contralateral (E) and ipsilateral (F) to the injury. (G,H) GFAP+ label in the ventral regions of interest contralateral (G) and ipsilateral
(H) to the injury. For each time-point n values are indicated (legend). Statistical comparisons between SCI and SCI+670 groups across
all time-points and regions (black bracket) and across the time-points at different region (black line) are indicated. Dotted line indicates
significance across both sides. Data are expressed as mean – SEM; *p < 0.05, **p < 0.01 (LMER). GFAP, glial fibrillary acidic protein;
LMER, linear mixed-effects models; SCI, spinal-cord injured animals without red-light treatment; SCI+670, spinal-cord injured animals
with red-light treatment; SEM, standard error of the mean. Color image is available online.
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the dorsal (Fig. 6C,D, p = 0.0027, LMER) and ventral (Fig. 6G,H,

p = 0.046, LMER) regions of the spinal cord over the 3- to 7-day

recovery period, but this failed to reach significance in the lateral

region (Fig. 6E,F, p = 0.148, LMER).

To determine if GFAP levels on the contralateral side at 1 dpi

were elevated compared with CON animals, GFAP expression 24 h

post-injury (SCI, n = 4) and sham-injury (sSCI, n = 4) were com-

pared with normal animals (CON, n = 4; Supplementary Fig. S4).

Overall, 24 h after injury, the GFAP+ area was elevated in the

SCI group on both sides of the spinal cord compared with the

CON group (contralateral, p = 0.001, ipsilateral p < 0.001, LMER,

Tukey) and sSCI animals (contralateral, p = 0.007, ipsilateral

p < 0.001, LMER, Tukey). Compared with the CON animals, the

sSCI animals failed to reach significant difference on the contra-

lateral side ( p = 0.60, LMER, Tukey), and was significantly in-

creased but with a small effect size in the ipsilateral side ( p < 0.049.

LMER, Tukey; Supplementary Fig. S4C).

These results demonstrate that astrocytes are already elevated

across both sides of the spinal cord following hemi-contusion as

early as 1 dpi at the spinal segment of injury, but more so on the

ipsilateral side. GFAP expression is not affected by red-light at

1 dpi, but is significantly suppressed by 670 nm treatment from

3 dpi onward.

Red-light does not affect IL-1b expression in glial cells

IL-1b is a pro-inflammatory cytokine that plays a key role in pain

signaling.30 We therefore investigated IL-1b expression in astro-

cytes and microglia/macrophages in six regions across the spinal

cord (Fig. 7A; Fig. 8A) following hemi-contusion and 670 nm

treatment. Examples of IL-1b+GFAP+ cells, defined as triple pos-

itive for IL-1b, GFAP, and DAPI, are shown in Figure 7B, and of

IBA1, IL-1b, and DAPI, are shown in Figure 8B.

Throughout the spinal cord (Fig. 7C-H), IL-1b+GFAP+ cell

density was elevated on the ipsilateral side compared with the

contralateral side ( p = 2.7e-07, LMER), whereas there was no

overall significant effect of red-light treatment ( p = 0.18). At the

dorsal region, a time effect was apparent ( p = 0.046, LMER), no-

tably that the 5-dpi time-point was significantly elevated compared

with the 1-dpi time-point across both sides ( p = 0.030, LMER,

Tukey). This significant IL-1b+GFAP+ cell density elevation at the

5-dpi time-point in the dorsal region (arrows, Fig. 7C,D) was also

elevated compared with the same time-point at the lateral (Fig. 7E,F)

and ventral (Fig. 7G,H) regions ( p = 0.0003, LMER, Tukey).

IL-1b+IBA1+cell density was mostly under 50 cells/mm2 across

the spinal cord regions, which was significantly reduced compared

with IL-1b expressing astrocytes ( p = 1.7e-35, paired t test; com-

pare Fig. 7 with Fig. 8). Throughout the six regions (Fig. 8C–G),

the ipsilateral side to the injury showed consistently increased

IL-1b+IBA1+ cell density compared with the contralateral side

( p = 1.2e-5, LMER). Red-light treatment had no significant effect

on IL-1b+IBA1+ cell density ( p = 0.97, LMER).

These results demonstrate that IL-1b-expressing glial cells were

present throughout the spinal cord following hemi-contusion with

higher numbers on the ipsilateral side. Red-light treatment had no

significant effect on IL-1b expression from either astrocytes or

microglia/macrophages.

Red-light reduces iNOS-producing
microglia/macrophages at the injury zone

NO is produced by iNOS in microglia/macrophages, and con-

tributes to neuropathic pain processing.31 Microglia/macrophages

produce the iNOS isoform that can be detected by uNOS staining,

which labels all three NOS isoforms (eNOS, nNOS, and iNOS).

Six spinal cord regions (Fig. 9A) were triple stained for uNOS/

IBA1/DAPI to investigate the density of iNOS-producing

microglia/macrophages in the spinal cord following injury and red-

light treatment. An example of staining is shown in Figure 9B.

Throughout the six regions (Fig. 9C–H), there was significantly

greater uNOS+/IBA1+ cell density on the ipsilateral side ( p = 1.2e-

05, LMER), a strong effect of time ( p = 0.0005), and a significant

reduction in the red-light-treated group ( p = 0.0203).

In the dorsal region of the spinal cord, uNOS+IBA1+ cells were

maintained below 50 per mm2 on the contralateral side throughout

the recovery period in both groups (Fig. 9C). However, on the

ipsilateral side (Fig. 9D), the 5-dpi time was significantly elevated

compared with the 1- and 7-dpi times ( p = 0.0010 and 0.0075 re-

spectively, LMER, Tukey), and a similar pattern was evident in the

ipsilateral ventral region (Fig. 9H) between the 5- and 7-dpi times

( p = 0.0003, LMER, Tukey).

Although red-light significantly reduced uNOS+IBA1+ cell

density overall, the effects arose mainly from the dorsal ipsilateral

region across all time-points (Fig. 9D), and most strongly at the

7-dpi time.

These results show that iNOS expressing IBA1+ cells are pres-

ent, predominantly on the ipsilateral side following hemi-contusion

SCI, and red-light treatment reduces iNOS expression, particularly

at the injury focus in the ipsilateral dorsal region.

Discussion

Over the past decade, the use of photobiomodulation as a non-

invasive therapy to improve repair of the injured nervous system

and to reduce pain has gained increasing attention. Here, we

characterized changes in mechanical sensitivity and spinal cord

cellular environment in the subacute phase following a mild

weight-drop hemi-contusion SCI and red-light (670 nm) treatment.

We demonstrate that daily 30-min treatments of 670 nm at

35 mW/cm2 reduces the level of mechanical sensitivity in both SCI

and sham-operated rats, as well as the overall incidence of animals

developing hypersensitivity following SCI. These functional im-

provements in SCI animals were accompanied by reduced neuro-

nal cell death, reduced iNOS expression in IBA1+microglia/

macrophages, and reduced astrocyte activation but not the IL-1b+

astrocyte subpopulation in the injured spinal cord.

The current study used an LED array with 35 W/cm2 to treat the

animals over a transparent box. This brought the light source

10 mm away from direct contract with the skin surface. Although

placing the LED array closer to the animal would increase irradi-

ance, and therefore improve penetration of the red-light, we have

previously shown that 670 nm penetration is not linear to irradi-

ance.32 Photobiomodulation may involve both cellular or humoral

factors,33 yet the optimal and/or therapeutic window of irradiance

for these differing mechanisms remains unknown. As such, dedi-

cated studies would be required to determine the impact of re-

moving the transparent box on animal recovery, as increasing light

intensity can potentially be harmful.34

The treatment in the current study was carried out on animals

with acute SCI. To date, complete studies examining the effects of

photobiomodulation on chronic SCI remains limited; however, a

clinical trial is currently recruiting participants,35 and during the

trial investigators plan to implant an irradiation fiber into the injury

site to treat acute SCI. Results in chronic brain injury have been

encouraging; one study has shown that 18 sessions of LED

RED-LIGHT EFFECTS ON SCI 2253



FIG. 7. The density of IL-1b producing astrocytes is not affected by red-light treatment following mild T10 hemi-contusion. (A) The
schematic representation of the spinal cord illustrates the dorsal, lateral, and ventral regions of interest for analysis (enclosed by dashed
lines, area of each box: 0.1 mm2). Approximate location of injury is indicated by the purple shaded area. (B) Example images of IL-1b
(red), GFAP (green), and DAPI (blue) triple-positive cells from spinal-cord injured untreated and light-treated groups ipsilateral to the
injury at dorsal region at 7 dpi. (C,D) Quantification of IL-1b+GFAP+DAPI+ cells, expressed as triple-positive cell density within the
region of interest, in the dorsal region of the spinal cord, contralateral (C) and ipsilateral (D) to the spinal cord injury of untreated and
light-treated groups. (E,F) IL-1b+GFAP+DAPI+ cell density in the lateral regions of interest contralateral (E) and ipsilateral (F) to the
injury. (G,H) IL-1b+GFAP+DAPI+ cell density in the ventral regions of interest contralateral (G) and ipsilateral (H) to the injury. For
each time-point n values are indicated (legend). Arrows indicate the 5-dpi time-point is significantly increased in the dorsal region
compared with lateral and ventral regions ( p = 0.0003, LMER, Tukey). Data are expressed as mean – SEM. dpi, day post-injury; GFAP,
glial fibrillary acidic protein; IL-1b, interleukin 1 beta; LMER, linear mixed-effects models; SCI, spinal-cord injured animals without
red-light treatment; SCI+670, spinal-cord injured animals with red-light treatment; SEM, standard error of the mean. Color image is
available online.
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FIG. 8. IL-1b producing microglia/macrophage population is not affected by red-light treatment following T10 hemi-contusion.
(A) The schematic representation of the spinal cord illustrates the dorsal, lateral, and ventral regions of interest for analysis (enclosed by
dashed lines, area of each box: 0.1 mm2). Approximate location of injury is indicated by the purple shaded area. (B) Example images
shown of IL-1b (red), IBA1 (green), and DAPI (blue) triple-positive cells from spinal-cord injured untreated and light-treated groups at
the dorsal level, ipsilateral to the injury at 7 dpi. (C,D) Quantification of IL-1b+IBA1+DAPI+ cells, expressed as triple-positive cell
density within the region of interest, are shown for the dorsal region of the spinal cord, contralateral (C) and ipsilateral (D) to the injury
of untreated and light-treated groups. (E,F) IL-1b+IBA1+DAPI+ cell density in the lateral regions of interest contralateral (E) and
ipsilateral (F) to the injury. (G,H) IL-1b+IBA1+DAPI+ cell density in the ventral regions of interest contralateral (G) and ipsilateral
(H) to the injury. For each time-point n values are indicated (legend) . Data are expressed as mean – SEM. dpi, day post-injury; IL-1b,
interleukin 1 beta; SCI, spinal-cord injured animals without red-light treatment; SCI+670, spinal-cord injured animals with red-light
treatment; SEM, standard error of the mean. Color image is available online.
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FIG. 9. iNOS expressing microglia/macrophage immunoreactivity is reduced by red-light treatment following T10 hemi-contusion.
(A) The schematic representation of the spinal cord illustrates the dorsal, lateral, and ventral regions of interest for analysis (enclosed by
dashed lines, area of each box: 0.1 mm2). Approximate location of injury is indicated by the purple shaded area. (B) Example images are
shown of uNOS (red), IBA1 (green), and DAPI (blue) triple-positive cells from spinal-cord injured untreated and light-treated animals at the
dorsal region, ipsilateral to the injury at 7 dpi. (C,D) Quantification of uNOS+IBA1+DAPI+ cells, expressed as triple-positive cell density
within the dorsal region of interest, is shown contralateral (C) and ipsilateral (D) to the injury of untreated and light-treated groups. (E,F)
uNOS+IBA1+DAPI+ cell density in the lateral regions of interest contralateral (E) and ipsilateral (F) to the injury. (G,H) uNOS+IBA1+DAPI+

cell density in the ventral regions of interest contralateral (G) and ipsilateral (H) to the injury. For each time-point n values are indicated
(legend). Data are expressed as mean – SEM; *p < 0.05, **p < 0.01, LMER. dpi, day post-injury; IL-1b, interleukin 1 beta; iNOS, inducible
nitric oxide synthase; LMER, linear mixed-effects models; SCI, spinal-cord injured animals without red-light treatment; SCI+670, spinal-
cord injured animals with red-light treatment; SEM, standard error of the mean. Color image is available online.
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treatment (22.2 mW/cm2) over 6 weeks significantly improved the

cognition of patients with chronic mild traumatic brain injury.36

We used a mechanical testing paradigm that allowed assessment

of above-, at-, and below-injury dermatomes, which provides an

insight as to how mechanical sensitivity is changed following SCI.

Categories 1 and 2 are not characteristic of nocifensive behaviors in

laboratory rats, whereas categories 3 and 4 are inexorable behav-

ioral responses to aversive stimuli including basic/integrated motor

responses (jumping, avoidance, and aggression) and vocalization.37

As the CON group generally displayed category 1 and 2 responses

(Fig. 1A), the mechanical sensitivity used in the current study does

not induce pain in normal rats. The paradigm used to assess me-

chanical sensitivity in the present study presents some advantages

over conventional assessment methods, such as using von Frey

filaments to assess paw withdrawal threshold,20,38–40 which re-

quires complete intact motor function of the respective limbs.41 In

addition, the display of nocifensive behavior is not affected by

hindlimb(s) motor deficits; animals are capable of avoidance be-

haviors using the forelimbs only.

Using the predefined hypersensitivity threshold based on re-

sponses from normal intact animals, we were able to determine the

percentage of animals developing hypersensitivity. This variation

in the development of mechanical sensitivity is also observed

in patients with SCI.3,5,6 SCI-induced mechanical allodynia was

observed in at least 50% of the rats from 1 dpi, whereas the sub-

population developing hypersensitivity was reduced by 670 nm

treatment from 1 dpi to 5 dpi (Table 1). This mechanical hyper-

sensitivity incidence in untreated SCI animals is consistent with

another study that reported 67%,42 and with our previous study

of hypersensitivity incidence at 7 dpi using a more severe SCI

model.21 The current study provides the first evidence that 670 nm

treatment reduces hypersensitivity incidence in the subacute phase

following SCI in rats.

There could be two possible explanations for the early reduction

in hypersensitivity incidence; 670 nm light could either delay the

development, or accelerate the recovery, of mechanical hypersen-

sitivity. The latter is likely because 670 nm treatment has been

shown to accelerate cellular processes and increase metabo-

lism.43–45 Further, the peak hypersensitivity in the light-treated

group was at 5 dpi (Supplementary Fig. S2), whereas the untreated

injured group appeared to continue to develop hypersensitivity over

the 7-day recovery period, and therefore, might require more time

to fully develop maximal hypersensitivity.

As expected, only a few sham-injured animals were categorized

as hypersensitive, suggesting that the surgical procedure does not

produce excessive pain in the dorsum of the animal. Hypersensitive

untreated animals with SCI develop mechanical hypersensitivity

mostly in the At-Level regions from 1 dpi with the potential to

develop Below-Level hypersensitivity by 7 dpi. These results are

consistent with patients with SCI in clinical settings. Neuropathic

pain patients develop both early-onset At-Level and late-onset

Below-Level allodynia/hyperalgesia.5,7,8,31,46,47 Although changes

at the spinal and the supraspinal level have been correlated with

the development of these two distinct pain phenotypes, the exact

underlying mechanism remains unclear.5,48–50 As we previously

showed that the reduction in mechanical sensitivity is not due to

reduced functional integrity of the dorsal column pathway,21 it may

arises from the anterolateral system. Following the surgery, bra-

dykinins are released that elicit pain/sensitization in the skin,

whereas endogenous opioids such as endorphins are produced to

control the pain.51 Photobiomodulation has been shown to decrease

bradykinins while increasing endorphins,52,53 therefore the effect

of red-light in the present study may result from alterations to

bradykinins and/or endogenous opioids, leading to an overall re-

duction in sensitivity across all groups.

Little is known about the effect of red-light treatment on mye-

lination. In the current study, no effect of 670 nm was observed on

the level of myelination. The percentage area stained with MBP

was found to be around 56%, which is consistent with a previous

study.54 We and others show that demyelination starts within 24 h

post-SCI.55,56 Remyelination following SCI starts around 7 dpi,56

which is consistent with our MBP levels similar to CONs at 7 dpi

(Fig. 3). Up to date, there have been no studies documenting the

effect of 670 nm treatment on demyelination following SCI. The

most relevant study using 650 nm following sciatic nerve injury

found no effect on the number of Schwann cells in rabbits at

30 dpi.57 It has been shown that demyelination also occurs in rostral

and caudal regions.58 Further investigations are thus needed to

examine the effect of 670 nm on myelination outside the injury

epicenter.

Studies have shown rapid loss of NF200 (especially depho-

sphorylated population) following SCI within the first 24 h,59 which

was consistent with our findings (Fig. 4). Disrupted and degraded

neurofilament then leads to axonal degeneration,60,61 which could

contribute to pain hypersensitivity. A 670 nm treatment was not

effective in stalling the loss of NF200. A similar result was found in

a model of sciatic nerve injury in rabbits, where no effect of 650 nm

was found on the number of myelinated axons at 30 dpi.57 It is

therefore worth investigating changes in axons rostral and caudal to

the injury, as loss of neurofilament is well documented in those

areas following SCI.58

Neuronal cells undergo apoptosis and necrosis following SCI,

whereas there is minimal neuronal death in naı̈ve spinal cords.62–64

Most neuronal death was observed in the dorsal and intermediate

levels, which would give rise to neurons in the spinothalamic tract,

visceral motor neurons, and interneurons. It is therefore not feasi-

ble to speculate which type(s) is more susceptible to cell death.

A 670 nm treatment has been shown to significantly reduce neu-

ronal cell death following SCI from 1 dpi. A similar study using

810 nm treatment showed 50% less motor neuron death following

ischemia-induced SCI at 3 dpi.65 The mechanism by which 670 nm

treatment reduces neuronal cell death might be related to reduced

iNOS (Fig. 9). Xu and colleagues have shown that iNOS induces

spinal neuronal degeneration following SCI through extracellular

signal regulated kinases.66

Following SCI, pro-inflammatory cytokines are secreted by

activated glial cells, both microglia/macrophages and astrocytes.

During the post-injury period, these glial cells are activated

through a combination of different mechanisms that involve neu-

roinflammation, ionic imbalance, and cytokines/chemokines.46

Regional and global increases in GFAP expression have been

documented from 2 h persisting for at least 6 months,46 in agree-

ment with our observation of increased GFAP expression

throughout the cord segment within 24 h post-injury, which per-

sisted for at least 7 days (Fig. 6). Limited studies have shown the

effect of 670 nm treatment following SCI on astrocyte activation or

GFAP upregulation, although similar effects using 810 nm have

been documented.22 Other groups have previously demonstrated

a reduction in GFAP expression following light treatment in

Müller cells in the retina,67,68 and a decrease in GFAP expression

by 670 nm irradiation in the brain of monkeys with Parkinson’s

disease.69

The present study is the first demonstration that GFAP upregu-

lation in astrocytes is reduced by daily 670 nm treatment from 3 dpi
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following SCI. The reduced GFAP cannot account for the early

(i.e., 1 dpi) red-light-induced pain relief, as GFAP expression was

not reduced at this time. Surprisingly, the reduction in GFAP did

not appear to arise from the IL-1b astrocyte subpopulation (Fig. 7).

IL-1b is strongly implicated in the development of pain hyper-

sensitivity.70 Subpopulations of GFAP+ astrocytes have been

reported before and IL-1b+ astrocytes are considered to be pro-

inflammatory and neurotoxic.71 However, it is possible that red-

light modulates other mediators or astrocyte subpopulations.

IL-1b, produced by both astrocytes and microglia/macrophages,

is a cytokine that not only augments inflammation, but also acts

on both pre- and post-synaptic terminals to initiate and maintain

pain.70,72 We found no effect of 670 nm treatment on IL-1b pro-

duction in microglia/macrophages following SCI from 1 to 7 dpi

(Fig. 8). This observation is consistent with our previous study21

showing no effect of 670 nm on pro-inflammatory microglia/

macrophage (M1), and another study where the authors showed no

effect of 810 nm on IL-1b expression at either 6 h post-injury or

4 dpi following SCI.22 However, other studies have reported de-

creases in IL-1b expression by light treatment in other injury

models.73,74 This discrepancy suggests that light treatment may

activate different cell pathways in different injury models. As IL-

1b is a significant player in the regulation of pain, the present study

suggests that the pain-alleviating effect of 670 nm light treatment

may be independent, or downstream from IL-1b, at least up to the

first 7 days. Further, we found a reduction in the behavioral sen-

sitivity of red-light treated sham-injured animals (Fig. 1C). The

mechanism of the red-light-induced reduction of sensitivity in these

animals is also unlikely to be IL-1b-dependant because these ani-

mals displayed no evidence of pain behaviors.

We also found a significant decrease in uNOS expression, a sur-

rogate marker for iNOS in microglia/macrophages, following

670 nm treatment in animals with SCI (Fig. 9). Byrnes and associates

found a significant reduction in iNOS transcription that was mea-

sured by real-time polymerase chain reaction (RT-PCR) at 6 h post-

injury, but not at 4 dpi using 810 nm treatment.22 The discrepancy

between our study and that of Byrnes and associates at 3–4 dpi might

indicate a different mechanism of action between 670 nm and

810 nm, or that the reduction of iNOS+ microglia/macrophages was

masked by an increase of iNOS in other cells types not observed by

the investigators. It is interesting that IL-1b and iNOS, both con-

sidered markers of classically activated microglia/macrophages

(M1), were affected differently by red-light treatment.

In our previous study, we demonstrated that red-light did not

alter the proportion of M1 cells; however, the proportion of M2

cells was increased.21 The current study is partly consistent with

this idea; IL-1b-expressing cells (M1 phenotype) were not altered

by red-light treatment; however, immunoreactive iNOS (another

marker of M1 phenotype) microglia/macrophages were reduced.

iNOS downregulation may indirectly indicate conversion toward

arginase upregulation75 and therefore conversion toward the M2

phenotype. It may be possible that iNOS and IL-1b are produced

by different cells and that the decrease in iNOS expression in

microglia/macrophages might occur in response to the increase in

M2 microglia/macrophage.21 In addition to the beneficial effect of a

less inflammatory microenvironment, the decreased iNOS expres-

sion in microglia/macrophages could also contribute to the reduced

mechanical sensitivity in 670 nm treated animals. Studies have

shown that pain following SCI could be reduced, or reversed, by

iNOS inhibitors or general NOS inhibition.76,77 The present study

supports the idea that 670 nm may act on a pain modulation path-

way that is iNOS-dependent, but IL-1b-independent. Future stud-

ies examining these ideas would be of interest. Moreover, future

studies using stereology, such as the optical fractionator tech-

nique,78 to quantify 670 nm-induced changes in neuron and glial

cell numbers in the entire spinal cord structure would be of interest.

In conclusion, we demonstrate that daily 670 nm irradiation re-

duces mechanical sensitivity in SCI and in sham-operated rats, and

reduces the chance of developing hypersensitivity up to 5 days

post-SCI. The analgesic effects of red-light therapy in the subacute

stage after SCI may involve reduced neuronal death, reduced as-

trogliosis, and reduced iNOS expression in microglia/macrophage

in the spinal cord, independent of myelination and IL-1b glial

cell expression. The combined reduction of iNOS+ microglia/

macrophages and IL-1b- astrocytes may therefore impact different

stages of mechanical sensitivity following SCI. Taken together, these

findings suggest that red-light therapy can be a safe non-

pharmacological approach to manage pain by modulating the

endogenous response of neuronal and glial populations following SCI.
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