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Abstract

Background: Red/near-infrared light therapy (R/NIR-LT) has been developed as a treatment for a range of conditions,
including injury to the central nervous system (CNS). However, clinical trials have reported variable or sub-optimal
outcomes, possibly because there are few optimized treatment protocols for the di erent target tissues. Moreover,
the low absolute, and wavelength dependent, transmission of light by tissues overlying the target site make accurate
dosing problematic.

Results: In order to optimize light therapy treatment parameters, we adapted a mouse spinal cord organotypic
culture model to the rat, and characterized myelination and oxidative stress following a partial transection injury. The
ex vivo model allows a more accurate assessment of the relative e ect of di erent illumination wavelengths (adjusted
for equal quantal intensity) on the target tissue. Using this model, we assessed oxidative stress following treatment
with four di erent wavelengths of light: 450 nm (blue); 510 nm (green); 660 nm (red) or 860 nm (infrared) at three

di erentintensities: 1.93 10 (low); 3.85  10'° (intermediate) and 7.70 10 (high) photons/cm?/s. We demon-
strate that the most e ective of the tested wavelengths to reduce immunoreactivity of the oxidative stress indicator
3-nitrotyrosine (3NT) was 660 nm. 860 nm also provided bene cial e ects at all tested intensities, signi cantly reduc-
ing oxidative stress levels relative to control (p  0.05).

Conclusions: Our results indicate that R/NIR-LT is an e ective antioxidant therapy, and indicate that e ective wave-
lengths and ranges of intensities of treatment can be adapted for a variety of CNS injuries and conditions, depending
upon the transmission properties of the tissue to be treated.

Background

Neurotrauma encompasses spinal cord injury (SCI) and
traumatic brain injury (TBI) and can involve damage to
both grey and white matter of the CNS [1]. Secondary
degeneration is a hallmark of neurotrauma, with spread-
ing damage contributing to deteriorating structure and
function [2]. Oxidative stress contributes to secondary
degeneration [3] and occurs when excess reactive oxygen
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species (ROS) and/or reactive nitrogen species (RNS)
overwhelm the endogenous antioxidant ability of the
biological system [4]. While reactive species are essential
for a range of normal cellular processes, excess leads to
oxidative and nitrosative disruptions including protein
nitration, DNA oxidation and lipid peroxidation [5 7],
resulting in compromised oxidative metabolism, ATP
depletion, necrosis, and dysregulated apoptosis [8]. If
the excess production of reactive species can be limited,
oxidative damage to DNA, lipids and proteins may be
reduced and functional outcomes improved [9].
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Red/near-infrared light therapy (R/NIR-LT), also
known as photobiomodulation or phototherapy, is the
therapeutic use of electromagnetic radiation at wave-
lengths characterized by relatively low energy densities
in the red/near-infrared spectrum (600 1000 nm) [10].
R/NR-LT has been shown to have therapeutic e ects in
a range of CNS-speci ¢ injuries, resulting in improved
functional recovery in cases of CNS injury [11], reti-
nal degeneration [12, 13], stroke [14] and SCI [15] in rat
models.

A proposed mechanism underlying R/NIR-LT therapy
at the cellular level involves the activation of cytochrome
c oxidase (COX) [14]. COX is complex IV of the mito-
chondrial respiratory chain and is considered to be one of
the primary photoacceptors of visible and NIR light [16
18]. When COX absorbs photons at speci ¢ wavelengths
(600 1000 nm), it undergoes a conformational change,
altering its redox state, increasing its activity resulting in
increased levels of ATP [19], and improved mitochon-
drial function [14]. Irradiation with 670 nm light has
been demonstrated to increase COX activity and reduce
oxidative stress in an in vivo model of secondary degen-
eration [20]; these e ects consistent with improvements
in oxidative metabolism. Additional proposed mecha-
nisms of action for R/NIR-LT include reduced in amma-
tion and release of nitric oxide from COX [14, 21, 22].

Evidence to date indicates that R/NIR-LT is an e ec-
tive and safe antioxidant therapy in a range of preclinical
models as well as in clinical settings [20]. However, the
NEST-3 clinical trial for stroke, delivering 630/830 nm
light using transcranial laser therapy, failed an interim
futility analysis [23], perhaps owing to the failure to
implement an e ective, optimized treatment protocol. It
is di cult to identify e ective treatment parameters for
clinical trials of R/NIR-LT given the large range of wave-
lengths, intensities, pulse structure treatment durations,
treatment intervals and delivery methods that have been
employed to date in pre-clinical studies and which alter
actual dose delivered [22, 24, 25]. In particular, varying
degrees of penetrance of light, dependent on wavelength
can confound attempts to optimise treatment param-
eters and dissect out potential mechanisms of positive
e ects. Pre-clinical in vivo data to date indicate that 670
and 810 830 nm light are e ective wavelengths [11, 26].
However, it is not yet clear whether e cacy is related
to increased penetrance and thereby increased delivery
of photons regardless of their delivery wavelength, or to
speci ce ects of light at particular wavelengths. As such,
light at short wavelengths may be even more e ective
than R/NIR wavelengths, if problems of penetration can
be overcome.

Furthermore, e ective parameters in one model do not
necessarily apply to other models: a comparative study of
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R/NIR-LT e cacy in four CNS injury models in rat (par-
tial optic nerve transection, light-induced retinal degen-
eration, TBI and SCI) indicated that it is necessary to
optimize parameters individually for each type of CNS
injury [26], perhaps due to di ering penetrance of the
light therapy. erefore, to optimise treatment parame-
ters of R/NIR-LT, a single, clinically relevant injury model
where light can readily penetrate may assist.

Here, we adapt a well-established mouse organotypic
spinal cord slice culture model which features the devel-
opment of myelinated axons by 7 days in vitro (DIV) [27,
28] to rat, characterise the features of the culture system
following partial transection injury and use it to deter-
mine the wavelengths and intensities of light therapy that
can reduce an indicator of oxidative stress. A rat model
was used in order to allow direct comparison to in vivo
outcomes [26] in the same species. A model featuring
three dimensional tissue architecture was desired as early
attempts to optimise R/NIR-LT following excitotoxic
insult to dissociated rat CNS cultures were unsuccessful
[29]. Higher wavelengths of light are known to penetrate
tissue more e ectively due to the balance of increased
absorption and reduced scattering [16, 30]. However, if
it is merely delivery of photons that provides bene cial
e ects, shorter wavelengths may be e ective in the cell
culture context where penetrance through overlying tis-
sue is not required. We therefore assess a range of wave-
lengths from 450 to 860 nm at low, medium and high
intensities, where the medium intensity for each wave-
length delivers an equivalent number of photons as that
delivered by the popular VET75 LED array (Quantum
Devices).

Results

Characterisation of injured spinal cord slice cultures

from neonatal rat

Spinal cord slices were prepared from postnatal day (P)
0 1 day old Piebald Virol Glaxo (PVG) rat pups. In PO 1
pups the uninjured spinal cord slice cultures contained
cells that were myelin basic protein (MBP) immunopo-
sitive but had no myelinated axons at 4 DIV (Fig. 1A);
some axons were myelinated by 7 DIV (Fig. 1B). Immu-
nostained spinal cord sections collected from PVG rat
pups similarly showed no myelinated axons in the unin-
jured spinal cord (Fig. 1C) or brain stem (Fig. 1D) at
PO 1, or of P2 pups (not shown). Myelinated axons were,
however, apparent in spinal cord sections at P5 (Fig. 1E),
indicating that the development of myelination in neo-
natal rat in vitro parallels events in vivo. It is important
to note that the myelination of axons in the uninjured
rat spinal cord slice cultures was variable and that mye-
lination was not always apparent. Electron microscopy
revealed that myelin was spirally wrapped around some
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7DIV: control
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Fig. 1 Characterisation of spinal cord slice cultures from neonatal PVG rat. Myelinated axons, indicated by -lll tubulin (green) and MBP (red)
colocalisation, were not apparent in spinal cord slice cultures from PO 1 rat pups at 4 DIV (A) but were present at 7 DIV (B), scale
B. Immunohistochemical assessment of perfusion xed spinal cord (C) and brain stem (D) from PO 1 rat pups showed no evidence of myelinated
axons; myelinated axons were observed in spinal cord from P5 pups (E), scale
the presence of both relatively compact (F, G) and some decompacted myelin sheaths (H) in uncut slice cultures; cut injury 24 h previously resulted
in increasingly decompacted myelin (1) and aggregates of myelin debris (J), scale
injury (O), as did immunoreactivity of HNE (L, P), 3-NT (M, Q) and MnSOD (N, R). Immunoreactivity of all oxidative stress indicators is shown in red,
together with MBP immunoreactivity (green) and Hoechst nuclear stain (blue); representative images adjacent to the cut injury are shown. Note
that multiple colour immuno uorescence was employed and as such, 80OHDG and HNE images show the same eld of view, as do 3NT and MnSOD

Brain stem Spinal cord

50 mforA,
50 mforC E.Electron microscopy of 7 DIV slice cultures revealed

1 m.Immunoreactivity of 8OHdG (K) increased following cut

axons, but compaction of myelin was not always com-
plete (Fig. 1F H). Myelination was most consistent in
cultures derived from PO 1 rat pups and this age of pup
was chosen for further analyses.

Spinal cord slice cultures from PO 1 rat pups were
subjected to a cut injury after 7 DIV. Approximately
half of the width of the slice was transected with a scal-
pel, resulting in transection of axons within the slice, as
ascertained by subsequent immunohistochemical analy-
ses. At 1 day following injury, myelinated axons were
observed less frequently than in uninjured control slices;

myelin was often decompacted (Fig. 11) and aggregates of
myelin debris were present (Fig. 1J). Cut injury resulted
in increased immunoreactivity of a range of indicators of
oxidative stress in the slice cultures 24 h following insult,
both adjacent to the cut area and more distally (Fig. 1K

R). 8-hydroxyguanosine (80OHDG) immunoreactivity,
indicative of oxidative damage to DNA was increased in
cell bodies, and as expected, was not co-localised with
MBP (Fig. 1K, O); the area immediately adjacent to the
cut injury is shown (Fig. 10). Note that immunoreactiv-
ity of MBP was not clearly aligned along axons and in
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places was reminiscent of myelin debris (Fig. 1K R). As
noted above, myelin debris was also observed by electron
microscopy in cut injured cultures (Fig. 11, J). 4-Hydrox-
ynonenal (HNE) immunoreactivity, indicative of lipid
peroxidation, was increased and co-localised with MBP
immunoreactivity (Fig. 1L, P), as expected given the high
lipid content of myelin. Increased immunoreactivity of
3-nitrotyrosine (3NT), indicative of protein nitration by
oxidative species, serves as a marker for oxidative/nitro-
sative stress in a range of cell types including myelinat-
ing oligodendrocytes [3]. Immunoreactivity of 3-NT was
widespread in the tissue section and immunointensity
was slightly increased following cut injury; staining was
not apparent in MBP positive areas after injury (Fig. 1M,
Q). Similarly, immunoreactivity of manganese superox-
ide dismutase (MnSOD), an antioxidant enzyme which
converts superoxide to hydrogen peroxide, was slightly
increased following injury and seldom co-localised with
MBP immunoreactivity, particularly following cut injury
(Fig. 1N, R).

Additional immunohistochemical analyses were con-
ducted to ascertain whether 3NT colocalised with other
cell types within the organotypic spinal cord slice cul-
tures. 3NT immunoreactivity was broadly expressed
throughout the spinal cord slice cultures (Fig. 2A, D),
with some colocalisation with NG2 /Olig2 oligoden-
drocyte precursor cells (Fig. 2A C, g arrows). 3NT occa-
sionally colocalised with IBA1 microglia and ED1
microglia/macrophages (Fig. 2D F, h arrows); a control
image where the primary antibody was omitted is pro-
vided (I). 3NT immunoreactivity was not di erent when
comparing areas immediately adjacent to the cut injury,
to areas more distal (Fig. 2J, K). e data indicate that the
spread of oxidative/nitrosative stress occurred relatively
rapidly, such that damage was uniformly distributed
by 24 h after the injury. Given that the spinal cord slice
cultures are approximately 4 mm in length, 3NT immu-
noreactivity spread more than 1.5 mm in 24 h of culture
(L). While the size of spinal cord lesions in vivo is highly
dependent upon the nature and severity of the injury, our
data indicate the potential for signi cant spread of oxida-
tive/nitrosative damage.

As a comparison, spinal cord slice cultures were pre-
pared from PO 1 mouse pups, cultured for 10 DIV and
then subjected to cut injury. Myelinated axons were
clearly apparent in uninjured cultures (Fig. 3A, B). While
lengths of MBP positive myelin were present 1 day after
cut injury, myelin debris was apparent (Fig. 3E, F). By
7 days after the cut injury, some MBP immunoreactiv-
ity colocalised with neuro lament positive axons in the
uncut section, but cut axons present in the lower half of
the image were unmyelinated (Fig. 31 L). MnSOD immu-
noreactivity was increased, particularly adjacent to the
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cut site (Fig. 3C, G), indicating oxidative stress that may
be contributing to demyelination in the area with tran-
sected axons and reduced myelination. Despite some
demyelination in the cut injured mouse slice cultures,
it is apparent that myelination was more robust in the
mouse slice cultures than in those from rat.

Light treatment reduced an indicator of oxidative stress
We used the partially transected rat in vitro spinal cord
slice culture model system to compare e ects of treat-
ment with a range of wavelengths and intensities of light
on oxidative stress, in tissue vulnerable to secondary
degeneration. e slice cultures were injured at 7 DIV
and tissue was assessed 24 h after cut injury (8DIV),
immediately following two, 30 min light or control treat-
ments 24 h apart. Indicators of oxidative stress exam-
ined were 3NT, HNE and 80HDG. In 450 nm treated
spinal cord slices we detected a signi cant decrease in
the area of 3ANT immunoreactivity above a set threshold
at the intermediate and high intensities relative to con-
trol (p < 0.05) (Fig. 4A, E H), suggesting dose depend-
ence at this wavelength. Immunoreactivity of 510 nm
treated slices was signi cantly reduced at both low and
high intensities of light compared to control (p < 0.05)
(Fig. 4B, E, I K). In contrast, 660 nm light signi cantly
reduced 3NT immunoreactivity consistently at all three
tested intensities (p  0.05) (Fig. 4C, E, L N). Similarly,
860 nm light signi cantly reduced 3-NT immunoreactiv-
ity at all three intensities compared to control (p  0.05)
(Fig. 4D, E, O Q), albeit to a lesser extent than 660 nm
light and with a trend to a biphasic e ect. Note that there
were no statistically signi cant di erences between the
varying treatment intensities for 860 nm, or 660 nm light
(p > 0.05). Speci city of the 3-NT antibody was demon-
strated using established procedures [31], with increased
3-NT immunoreactivity in the cell culture supernatant
of rat pheochromocytoma (PC12) neural like cells fol-
lowing treatment with SIN-1 (morpholinosydnonimine),
a peroxynitrate generator [32], relative to untreated
control (Fig. 5a). e e ects of the full range of wave-
lengths and intensities on immunoreactivity of 8OHDG
and HNE were assessed following cut injury in the slice
cultures.  ere were no signi cant e ects of any of the
wavelengths and intensities of light on 8OHDG immu-
noreactivity, when considering both the area above a set
threshold of intensity or the mean uorescence intensity
of the image (Fig. 5b, mean uorescence intensity shown).
Similar results were observed for HNE (not shown).
Taken together our data indicate di erential e ects of R/
NIR-LT on oxidative damage, with bene cial e ects on
oxidative/nitrosative damage to protein, but not damage
to DNA or lipid. A summary table of immunohistochem-
ical outcomes of the study is provided in Table 1.



Ashworth et al. BMC Neurosci (2016) 17:21

Page 5 of 12

ED1/IBA1

the injury (indicated by an arrow), scale 200 m

Fig. 2 Representative images of 3NT immunoreactivity (A, D), colocalised with some NG2/0lig2
ve cells (E, arrow) with overlay (F). Higher magni cation images of NG2/0lig2
control image omitting the 3NT primary antibody (I). 3NT immunoreactivity was approximately equivalent both adjacent to the cut injury (J) and
more distally (K); 3NT (red), -lll tubulin (green), Hoechst nuclear stain (blue). Scale
sentative image of a spinal cord slice with cut injury, stained with Hoechst nuclear stain (L); boxed areas indicate analysis sites close and distal from

ve cells (B, arrow) with overlay (C), and some
(G)and IBA  (H) cells are provided, together with a

50 mforimages A F,J K;scale 10 mforG I. Arepre-

Discussion

R/NIR-LT is a prospective antioxidant therapy for pre-
serving function following CNS injury. e treatment
is comparably cheap, non-invasive and easy to admin-
ister when using LED arrays, and has shown promise
in numerous pre-clinical models of CNS injury and for
some indications in clinical trials for stroke [20, 24].
However, lack of optimization using comparative stud-
ies has probably contributed to the failure of widespread
clinical use of R/NIR-LT [24], and there is a need for a
standardized, consensus treatment protocol. In this
study, we have rstly developed and characterised an
in vitro rat model of CNS injury suitable for optimizing

treatment strategies for neurotrauma. Secondly we have
used the model to compare a range of wavelengths and
intensities for e cacy at reducing oxidative stress, in
an e ort to provide data useful for optimisation of light
therapy, with the added advantage of a reduction in ani-
mal numbers required. e intensities of light delivered
were designed to encompass those shown to be e ective
in vivo once penetrance of light has been accounted for
[39] and were standardised for the number of photons
that reached the surface of the cultures for each wave-
length utilised. As such, outcomes between wavelengths
are directly comparable. Our data suggest 660 nm light
to be the most promising wavelength of those tested for
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