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ARTICLE INFO ABSTRACT

Keywords: Photobiomodulation (PBM) with 670 nm light has been shown to accelerate wound healing in soft tissue injuries,
Miiller cell and also to protect neuronal tissues. However, little data exist on its effects on the non-neuronal components of
Gliosis

the retina, such as Miiller cells (MCs), which are the principal macroglia of the retina that play a role in
maintaining retinal homeostasis. The aim of this study was to explore the effects of 670 nm light on activated
MCs using in vivo and in vitro stress models. Adult Sprague-Dawley rats were exposed to photo-oxidative damage
(PD) for 24 h and treated with 670 nm light at 0, 3 and 14 days after PD. Tissue was collected at 30 days post-PD
for analysis. Using the in vitro scratch model with a human MC line (MIO-M1), area coverage and cellular stress
were analysed following treatment with 670 nm light. We showed that early treatment with 670 nm light after
PD reduced MC activation, lowering the retinal expression of GFAP and FGF-2. 670 nm light treatment mitigated
the production of MC-related pro-inflammatory cytokines (including IL-1f), and reduced microglia/macrophage
(MG/M®) recruitment into the outer retina following PD. This subsequently decreased photoreceptor loss,
slowing the progression of retinal degeneration. In vitro, we showed that 670 nm light directly modulated MC
activation, reducing rates of area coverage by suppressing cellular proliferation and spreading. This study in-
dicates that 670 nm light treatment post-injury may have therapeutic benefit when administered shortly after
retinal damage, and could be useful for retinal degenerations where MC gliosis is a feature of disease progres-
sion.

Retinal degeneration
670 nm light
Inflammation

1. Introduction retinal neurons, causing further cell death leading to disease progres-
sion (Albarracin and Valter, 2012).
PBM is low-energy photo-irradiation that has been shown to ac-

celerate wound healing in skin (Conlan et al., 1996), mucosa (Desmet

Miiller cells (MCs) are the principal macroglia of the vertebrate
retina and play a key role in maintaining retinal structure and home-

ostasis. During retinal injury, the early response of MCs involves the
release of neuroprotective factors such as ciliary neurotrophic factor
(CNTF), and fibroblast growth factor (FGF-2) (Bringmann and
Wiedemann, 2012; Shen et al., 2012), which have been shown to rescue
photoreceptors following photo-oxidative damage (Valter et al., 2005).
Activated MCs express chemokine C-C motif ligand 2 (CCL2), a known
chemoattractant and activator for MG/M® in vitro (Matsushima et al.,
1989; Nakazawa et al., 2007a; Yoshimura et al., 1989). Exposure to PD
in vivo induces retinal Ccl2 expression in MCs, and subsequent re-
cruitment of MG/M® to areas of severe damage (Rutar et al., 2012b). In
severe retinal damage, when a large number of neurons are lost, MCs
enter into proliferative gliosis forming glial scars (Bringmann et al.,
2009), which create barriers that hinder nutrient delivery to surviving

et al., 2006), and soft tissue (Herranz-Aparicio et al., 2013). Beneficial
effects have also been reported in central nervous system (CNS) tissue
injuries involving the spinal cord, retina and optic nerve (Lawrence
et al., 2007). Pre-clinical studies in models of retinal degeneration have
demonstrated that 670 nm light treatment is neuroprotective, can slow
photoreceptor and ganglion cell death (Albarracin et al., 2011, 2013;
Eells et al., 2003; Giacci et al., 2014; Natoli et al., 2013; Tang et al.,
2013), and reduce pro-inflammatory cytokine secretion, macrophage
recruitment and complement activation (Calaza et al., 2015;
Kokkinopoulos, 2013; Kokkinopoulos et al., 2013). Acknowledging
these benefits, it has recently gained FDA approval for clinical use
(Desmet et al., 2006; Fitzgerald et al., 2013; Whelan et al., 2001).
Clinical studies over the past decade have further demonstrated the
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neuroprotective effect of 670 nm light in retinal degenerations (Ivandic
and Ivandic, 2008, 2012; Merry et al., 2017; Tang et al., 2014).

Although the effects of 670 nm light on retinal neurons have been
documented, the influence of 670 nm light on non-neuronal cells, in-
cluding MCs, has not been well-studied. We previously demonstrated
that 670 nm light treatment prior to retinal injury could ameliorate the
activation of MCs following photo-oxidative damage (Albarracin et al.,
2011; Albarracin and Valter, 2012). However, the effects of adminis-
tering 670 nm light treatment after photo-oxidative damage have not
been fully investigated. In this study, we explored the direct effect of
670 nm light on activated MCs using in vivo and in vitro models of ret-
inal stress.

2. Materials and methods
2.1. Animals and PD

All experiments were conducted in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research
and with approval from the Australian National University Animal
Experimentation Ethics Committee (A2014/56). Thirty-nine adult al-
bino Sprague-Dawley (SD) rats aged 100-120 postnatal days (P) were
used for in vivo experiments. Animals were born and raised in low light
levels (5 lux) in a 12-h light, 12-h dark cycle with food and water
available ad libitum. PD was performed as described previously
(Albarracin and Valter, 2012). Briefly, animals were exposed to white
light (1000 lux) for 24h using transparent Perspex open-top cages
placed under a light source (COLDF2, 2 x 36W, IHF; Thorn Lighting,
Spennymoor, UK). Animals were returned to a low light environment (5
lux) to recover for 30 days; some animals were treated with 670 nm
light during recovery. Animals were euthanized and tissue was col-
lected at 30 days after PD.

2.2. PBM with 670 nm light in vivo

Animals were divided into 5 groups: PD + RO (PBM commenced
immediately after PD, n = 7); PD + R3 (PBM commenced at 3 days
after PD, n = 10); PD + R14 (PBM commenced at 14 days after PD,
n = 7); PD (animals were exposed to PD only, n = 9); and control
(animals were not exposed to PD or 670 nm light, n = 6). In the
treatment groups (PD + RO, PD + R3, PD + R14) PBM was performed
using a 670 nm light-emitting diode array (WARP 75; Quantum
Devices, WI, USA) during the period of recovery, commencing at the
specified times post-PD. During treatment, animals were positioned so
that both eyes were approximately 2.5 cm away from the light source
and were exposed to 670 nm light for 3 min at 60 mW/cm?, delivering
9J/cm? irradiation to the retina, daily for 5 consecutive days.

2.3. Uniform scratch model using MIO-M1 cells

A spontaneously immortalized human Miiller cell line, MIO-M1
(Limb et al., 2002b) was validated for species authenticity (CellBank,
Sydney, Australia) and used for in vitro experiments. Cells were main-
tained in Dulbecco's Modified Eagle's Medium (DMEM; Thermo Fisher
Scientific, MA, USA) containing 10% fetal bovine serum (FBS, Sigma-
Aldrich, MO, USA), supplemented with 6 mM L-glutamine (Thermo
Fisher Scientific) in a humidified atmosphere of 5% CO, at 37 °C. Cells
were seeded on 6-well plates (1.3 X 10° per well), on 8-well chamber
slides (1.3 x 10* per well) (Millipore, MA, USA), or on transwell inserts
(5 um pore-size; Millipore) (3000/insert) for 2 day at 37 °C in a humi-
dified CO, incubator to reach 90% confluence. A uniform scratch was
created in each well using a 1 ml pipette tip, and a grid was used be-
neath each well to ensure uniformity between wells. Floating cells and
debris were removed by rinsing cells with 0.1M PBS, before wells were
replenished with fresh culture growth medium.

To inhibit proliferation, some cells (6-well plates) were incubated
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with Mitomycin C (MMC, 10 ug/ml, Sigma Aldrich) for 2h, washed
with 0.1M PBS (Arranz-Valsero et al., 2014), and growth medium was
replenished prior to the scratch injury.

2.4. 670 nm light treatment in vitro

For PBM of cells, a 670 nm LED array (WARP 10; Quantum Devices)
was used. Cells were irradiated 3 times with 670 nm light for 3 min at
60 mW/cm? (9J/cm?). The first PBM treatment was delivered im-
mediately after the scratch, followed by two further irradiations at 4-h
intervals in the first 24 h. Four experimental groups were used: non-
scratch (NS) control, where cells did not undergo scratch injury or
670 nm treatment; scratch (S), where cells received scratch injury and
sham 670 nm treatment (cells underwent identical handling to the
670 nm treatment groups, without the light irradiation); NS+ 670 and S
+670 groups both received 670 nm treatment (N = 3 wells/group,
N = 3 repeats). Baseline measurements were taken immediately fol-
lowing the first intervention for each group (scratch = 670 nm) - this
was designated T = 0. Measurements were performed at T = 24, 48,
and 72 h. Digital images of scratch edges were captured using a phase-
contrast light microscope (Axiovert 3; Zeiss, Oberkochen, Germany).
The progression of cell coverage across the scratch area was analysed by
measuring the area covered (pixels) from the edge of the original
scratch (T = 0), using ImageJ software (National Institutes of Health,
MA, USA).

2.5. Cell migration assay

Cells were seeded on transwell inserts (3000 cells/insert) for ana-
lysing cell migration. To initiate migration, serum-free medium was
added to the cells on the inserts, while growth medium was added to
the lower chamber. After 24, 48 or 72 h, cells on the inserts were fixed
with 4% paraformaldehyde for 10 min at room temperature, and
stained with bisbenzimide (BBZ, 1:10000; Sigma-Aldrich). The non-
migrating cells on the surface of the insert membrane were removed
using cotton swabs. To measure cell migration across the insert mem-
brane, the number of cells on the lower surface were visualised and
counted using a laser-scanning Al1* confocal microscope (Nikon,
Tokyo, Japan) (Lu et al., 2013).

2.6. Flow cytometry analysis for cell viability and cell cycle

Flow cytometry was used to assess cell cycle status and cell death.
Vybrant DyeCycle Violet Stain (Thermo Fisher Scientific) was utilized
to recognize live cells, and 7-aminoactinomycin D (7-AAD, Thermo
Fisher Scientific) was used to identify dead cells. Briefly, cells were
trypsinized and collected from 6-well plates. Cells were incubated with
1l of Vybrant DyeCycle Violet Stain diluted in 1 ml Hank's Balanced
Salt Solution (HBSS, Thermo Fisher Scientific) for 2h at 37 °C in the
dark, and then was rinsed twice with 0.1M PBS. Cell pellets were re-
suspended in HBSS containing 2.5% 7-AAD and were incubated for
10 min at 37 °C in the dark. Fluorescence was detected using flow cy-
tometry (LSRIL; BD, CA, USA) and analysed using FlowJo (FlowJo, OR,
USA).

2.7. Immunofluorescent staining on retinal tissues and cells

Following 30 days recovery, animals were euthanized using an in-
traperitoneal injection of barbiturate (Valabarb; Virbac, NSW,
Australia). One eye of each animal was enucleated, immersion fixed in
4% paraformaldehyde and then cryoprotected with 15% sucrose over-
night. Eyes were cryosectioned at 16 pm thickness. Immunofluorescent
staining was performed as previously described (Albarracin et al., 2011;
Albarracin and Valter, 2012), using primary antibodies listed in
Table 1. Following incubation with a fluorophore-conjugated secondary
antibody, the cell nuclei were stained with bisbenzimide. To quantify
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Table 1
Primary antibodies used for immunostaining.

Primary Source Catalog number  Host Dilution
antibody species factor
FGF-2 Millipore 05-118 Mouse 1:200
GFAP (retinas) Dako 70334 Rabbit 1:400
GFAP (cells) Thermo Fisher MS1376 Mouse 1:200
Scientific
Ibal Wako 019-19741 Rabbit 1:500
Ki67 Millipore AB9260 Rabbit 1:300
Recoverin Millipore AB5585 Rabbit 1:200
Vimentin Sigma-Aldrich V6630 Mouse 1:150

photoreceptor cell survival in the retina, the number of photoreceptor
cell rows in the ONL was counted as detailed previously (Fernando
et al., 2016). Immunofluorescence was visualised using the laser-scan-
ning Al* confocal microscope and acquired using NIS-Element AR
software (Nikon). Images were processed using Photoshop CS6 software
(Adobe Systems, CA, USA).

MIO-MI cells seeded in 8-well chamber slides (Millipore) were fixed
with 2% paraformaldehyde for 30 min, and stained following the pro-
tocol described previously (Lu et al., 2017). For analysis of cell
spreading, cells were incubated in 8-well chamber slides and the cel-
lular cytoskeleton was observed using Vimentin immunostaining
(Table 1). The spread of individual cells was measured by calculating
the ratio of the area of cell cytoplasm in relation to the area of the
nucleus. Cell spreading was quantified by analysing 20-30 cells along
the scratch edges in each sample (Lu et al., 2013).

2.8. Quantitative real-time PCR (RT-qPCR)

Retinas were collected and stored in RNA stabilizer (RNAlater;
Thermo Fisher Scientific). RNA extraction using an RNAqueous Total
RNA isolation kit (Thermo Fisher Scientific) and TRIzol (Thermo Fisher
Scientific), as well as cDNA synthesis using a Tetro cDNA Synthesis Kit
(Bioline, London, UK) was performed as described previously (Rutar
et al.,, 2011). Gene expression was measured via quantitative real-time
polymerase chain reaction (RT-qPCR) using Taqgqman Gene Expression
Master Mix (Thermo Fisher Scientific) and commercially available
Tagman hydrolysis probes (Table 2, Thermo Fisher Scientific), ac-
cording to previously described methodology (Rutar et al., 2011). Each
sample was run in duplicate on the QuantStudio Flex 12K instrument
(Thermo Fisher Scientific). Analysis was performed using the com-
parative cycle threshold method (**C,), with target gene expression
normalised to the expression of the reference gene, glyceraldehyde 3-
phosphate dehydrogenase (Gapdh).

2.9. Statistical analysis

Data were analysed with a one-way analysis of variance (ANOVA),
with Tukey's multiple comparisons post-hoc test. Data were reported as
mean = SEM, and values of P < .05 were considered to be statisti-
cally significant. All statistical analyses were performed using Prism 6

Table 2
Tagman hydrolysis probes used for gPCR.

Gene Source Catalog number  Host

Symbol species
Casp8 Caspase 8 Rn00574069_m1 64044
Ccl2 Chemokine (C-C motif) ligand 2 Rn01456716_g1 24770
Fgf-2 Fibroblast growth factor 2 Rn00570809_m1 54250
Gfap Glial fibrillary acidic protein Rn00566603_.m1 24387
Gapdh Glyceraldehyde-3-phosphate Rn99999916_s1 24383

dehydrogenase
I-18 Interleukin 1 beta Rn00580432.m1 24494
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(GraphPad, CA, USA).
3. Results

3.1. Early treatment with 670 nm light reduced photoreceptor loss following
photo-oxidative damage

Recoverin labelling showed a disruption of photoreceptor (PR)
structures following PD. At the lesion site, the ONL was largely ob-
literated centrally, while on the periphery of the lesion ONL was present
but severely distorted, the remaining PRs were scattered and their inner
and outer segments were absent (Fig. 1E and F left). At the penumbra of
the lesion, the ONL was more compact, and inner and outer segments
were observed (Fig. 1E, F right). The presence or absence of IS/OS and
the organisation of the ONL were used to define the edge of the lesion
(dotted lines in Fig. 1F). A similar pattern of photoreceptor damage was
found in the lesion and penumbra of PD + RO (Fig. 1H and I), PD + R3
(Fig. 1K and L), and PD + R14 (Fig. 1N, O) retinas, suggesting that the
670 nm light cannot restore photoreceptor structural damage.

We have previously shown that following PD, there is a focal loss of
photoreceptors in the superior retina, which becomes the centre of a
progressive lesion, which may engulf the entire retina over time (Rutar
et al., 2010). To assess whether 670 nm light had an effect on lesion
expansion, we measured the size of the lesion along the retina at 30
days following PD, using the criteria to define the edge of lesion, as
described above. In control retinas, no lesion was detected (Fig. 1D). In
the PD group, approximately 80% of the superior retina displayed
photoreceptor loss indicating an expansive field of lesion (Fig. 1G, Q).
Early treatment with 670 nm light (PD + RO and PD + R3), resulted in
a significant reduction in lesion size (P < .05), affecting approximately
half of the superior retina only (Fig. 1J, M, Q). Treatment at 14 days
following PD (PD + R14) resulted in no significant change in lesion size
compared to PD only retinas (Fig. 1P, Q).

PD caused a significant reduction in ONL thickness along the retina,
quantified by the number of photoreceptor cell rows (Fig. 1R-T blue
lines). Following treatment with 670 nm light, retinas treated im-
mediately (PD + RO, Fig. 1R) and at 3 days after PD (PD + R3, Fig. 1S)
had a significant protection against photoreceptor loss along the ma-
jority of the retina compared to PD only retinas (P < .05). 670 nm
light treatment commencing at 14 days post-PD (PD + R14) resulted in
no significant difference in the number of photoreceptor cell rows
compared to PD only retinas (Fig. 1T).

3.2. Treatment with 670 nm light reduced Miiller cell gliosis

To assess MC structural changes, we used Vimentin immunolabel-
ling, a cytoskeletal protein marker. It showed thickened MC process
that surrounded the surviving PRs in the area of the lesion (yellow color
in Fig. 1F), indicating glial scar formation in the ONL. Co-localisation of
Recoverin and Vimentin fluorescence was barely present in the 670 nm
light-treated retinas (Fig. 11, L, O).

To measure retinal stress, GFAP protein expression was assessed via
immunohistochemistry. In control retinas GFAP was only expressed by
astrocytes (Fig. 2A). Following PD, GFAP labelling was present in MCs,
expanding the entire length of the inner and outer processes of the cells
in the area of lesion (Fig. 2B). Treatment with 670 nm light modified
GFAP expression, as evidenced by the reduced intensity of fluorescence
(Fig. 2D, F, H left). At the penumbra, GFAP labelling was still present in
MCs, however it did not extend beyond the OPL (Fig. 2D, F, H right). To
quantify GFAP expression in the penumbra, we used NIS-Element AR
software to measure the intensity of fluorescence along the MCs from
GCL to the inner edge of the ONL (Fig. 2C, E, G, I). GFAP labelling was
significantly increased in PD retinas compared to controls for almost the
entire length of the MCs (Fig. 2C, p < .05). In PD + RO and PD + R3
retinas the level of GFAP staining in the GCL was not different from
those of non-treated PD retinas, indicating that 670 nm irradiation does
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Fig. 1. 670 nm light treatment on photoreceptor cell death and Miiller cell gliosis following photo-oxidative damage (PD). A: Protocol of PD and 670 nm light treatment. B, C, E, F, H, I,
K, L, N, O: Sections immunolabelled with Vimentin (red), Recoverin (green) and counterstained with DAPI (blue). Increased presence of Vimentin in MC processes indicate gliosis at the
lesion edges. White squares denote the area shown in G, F, I, L, O at higher magnification: White arrowheads indicate photoreceptor IS/OS. White dashed lines denote the border between
lesion (on left) and penumbra (right). D, G, J, M, P: ONL lesion size in the superior retina of the control (D), PD (G), PD + RO (J), PD + R3 (M) and PD + R14 (P). Blue arrows denote the
edge of the lesion. Q: Lesion size increases following PD, and is significantly decreased after 670 nm light treatment at 0 and 3 days. R-T: Spider graph showing photoreceptor row
numbers along the retinas of control, PD and treated retinas. ONL thickness significantly reduced in all PD retinas, however, they remained significantly thicker at the majority of length
of the retina of PD + RO (R) and PD + R3 (S) animals compared to PD retinas. Grey rectangles in the superior retina denote the lesion area. ONL: outer nuclear layer. INL: inner nuclear
layer. All data is presented as the mean = SEM. * denotes P < .05 and N = 6-10 for all groups. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

not have an effect on the GFAP expression in the astrocytes. In early- inflammasome components (II-18, Nlrp3, Casp8). All inflammatory
treatment retinas immunostaining of MCs was significantly reduced genes assayed were significantly increased (P < .05) following PD
between the IPL and OPL Fig. 2E, G). Interestingly, in the PD + R14 compared to controls (Fig. 3C, E and F). Treatment with 670 nm light
retinas the entire length of the measured area from GCL to ONL had a significantly reduced the expression of inflammasome genes II-1f3,
significantly reduced immunolabelling compared to PD retinas (Fig. 2I) Nlrp3, and Casp8 in PD + RO retinas (P < .05, Fig. 3C, E, F), however
(p < .05). did not modulate the expression of these genes in the other treatment
Thickened GFAP + MC processes were evident in the outer retina, groups. Ccl2 gene expression did not increase significantly following PD
within and outside of the remnants of ONL at the lesion site following when compared to controls (Fig. 3D), and though all 670 nm-treated
PD (white star, Fig. 2B), suggesting glial scar formation. Such glial scars groups showed low levels of expression compared to PD retinas, the
were not observed outside the lesion area. In retinas irradiated with differences between the non-treated and treated groups did not reach
670 nm light, GFAP + structures were present in the outer side of the significance (Fig. 3D).
ONL in the area of the lesion however, their staining was much weaker To determine if 670 nm light had an effect on the recruitment of
(white starts, Fig. 2D, F, H) than non-treated PD retinas (Fig. 2B). MG/M® to the damaged photoreceptor layer, IBAl im-

munohistochemistry was used. In dim-reared control retinas (Fig. 4A),
ramified IBA1 + cells were only detected in the inner retina (GCL-OPL).
At 30 days following PD, amoeboid IBA1+ microglia were recruited
into the outer retina (Fig. 4B). In PD + RO and PD + R3 groups, the
number of activated IBA1 + cells was significantly reduced both in the
outer retina and the whole retina compared to PD only retinas
(P < .05, Fig. 4C, D, F, G). In the PD + R14 group, there was no
significant change in IBA1 + cell recruitment to the retina compared to
PD only retinas (Fig. 4E-G).

3.3. Treatment with 670 nm light modified gene expression and microglia
presence in the retina

To assess MC activation, we measured the whole retinal expression
of Gfap and Fgf-2 genes, which are both expressed by activated MCs,
following retinal insult. Gfap expression (Fig. 3A) and Fgf-2 expression
(Fig. 3B) were significantly increased at 30 days following PD compared
to dim-reared controls (P < .05). Gfap expression was significantly
reduced in PD + RO and PD + R3 retinas compared to PD tissue
(P < .05, Fig. 3A). Fgf-2 was significantly reduced in PD + RO group 3.4. Effect of 670 nm light treatment on Miiller cell motility and division
only when compared to PD retinas (P < .05, Fig. 3B). Late treatment

with 670 nm light (PD + R14) had no significant effect on the ex- To assess MC activation in vitro, we used a well-established scratch
pression of these two genes. model using the MIO-M1 cell line (Romo et al., 2011). The rate of area
We investigated the effect of 670 nm light treatment on the ex- coverage was monitored over 72h and compared between 670nm

pression of inflammatory genes, including the chemokine Ccl2, and treated and non-treated cells (Fig. 5B-E). We found that 670 nm light
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Fig. 2. The effects of 670 nm light treatment on Miiller cell gliosis following PD. A, B, D, F, H: Sections immunolabelled with GFAP (red) show that in control retinas only astrocytes are
labeled, while MCs become GFAP + after PD indicating tissue stress. White * denotes glial scars in and outside of the ONL in the lesion area. C, E, G, I: The GFAP intensity profile across
Miiller cell processes in the penumbra adjoining the lesion (white boxes). GCL: ganglion cell layer. INL: inner nuclear layer. OPL: outer plexiform layer. All data is presented as the
mean + SEM. * (Black) denotes P < .05 and N = 6-10 for all groups. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 3. Effects of 670 nm light treatment on gene expression in
whole retinas following photo-oxidative damage (PD). Expression
levels were compared to dim-reared control retinas. A: Gfap ex-
pression in the retina was significantly decreased after 670 nm light
treatment at 0 (PD + RO) and 3 days (PD + R3) following PD,
compared to non-treated PD controls. B: Fgf-2 expression sig-
nificantly decreased in the PD + RO 670 nm light-treated group
compared to PD controls. C-F: Inflammatory gene expression of Il-
1B (C), Nirp3 (E), and Casp8 (F) decreased significantly in the
PD + RO 670 nm light-treated group compared to PD controls,
whereas Ccl2 expression did not significantly change compared to
controls (D). All data is presented as the mean + SEM. * denotes
P < .05and N = 6-10 for all groups.

Fig. 4. Effects of 670 nm light on microglia and
macrophage recruitment following photo-oxida-
tive damage (PD). A-E: Representative images of
the superior retina show that IBA1 + cells (green)
are recruited into the outer retina following PD
(B). This is reduced following 670 nm treatment
at 0 days (PD + RO, C), 3 days (PD + R3, D) and
14 days (PD + R14, E). Inserts in each panel
show that the majority of microglia in the outer
retina are activated as evidenced by their amoe-
boid appearance. F-G: Whole retinal (F) and
outer retinal (G) IBA1+ cell counts show that
this reduction is significant at 0 days and 3 days.
GCL, ganglion cell layer; INL, inner nuclear layer;
ONL, layer;  IHC,
munohistochemistry. All data is presented as the
mean *= SEM. * denotesP < .05and N = 7-10
for all groups. (For interpretation of the refer-
ences to color in this figure legend, the reader is
referred to the Web version of this article.)
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reduced the rate of area coverage significantly at each time point
(Fig. 5E). Within 24 h, the area covered in the non-treated (S) wells was
approximately double (2.26 + 0.16 pixels/hour) that of the treated (S
+670) wells (1.04 = 0.13 pixels/hour), representing a significant
slowing of motility by PBM (P < .05, Fig. 5E). After the first 24 h,
when 670 nm light treatment ceased, the rate of area coverage was
almost identical in the two groups (1.62 # 0.08 pixels/hour in the S
group and 1.67 =+ 0.09 pixels/hour in the S+670 group, P > .05).
These data suggest that the reduction of area coverage occurred within
the duration of 670 nm light treatment. The difference in area coverage
remained significantly different between the two groups up to 72 h
(Fig. 5E).

To investigate whether MCs displayed proliferative gliosis in this
model, we used Ki67, a known proliferation marker. The number of
Ki67 + cells between the Non-scratch (NS) and the NS + 670 groups did
not differ over 72 h (Fig. 5N). Ki67 labelling was present in MIO-M1
cellular nuclei at 24 h post-injury (S group), and this represented a
significant increase when compared to T = 0 (P < .05, Fig. 5F-I, O).
The number of proliferating cells remained high compared to controls,
with no significant difference observed between 24, 48 and 72h
(Fig. 5F-I, O). In the S+670 group, the number of proliferating cells
were comparable to those in the S group in the early stages (within

48 h) following the scratch. However, at 72 h 670 nm light-treated cells
showed significantly less mitosis compared to the S group (P < .05,
Fig. 5I, M, O).

3.5. 670 nm light treatment reduced cell death after injury in vitro

We used flow cytometry to confirm whether the reduction in mitotic
cell numbers following 670 nm light treatment was related to MC cycle
status or cell death. We calculated the percentage of cells in the GO/G1,
G2/M and S phases (Fig. 6A-C) and found no significant differences
between 670 nm light-treated and non-treated groups at any of the time
points examined. The reduction in the G2/M phase population observed
at 24 h in the treated group did not reach significance, when compared
to non-treated cells at the same time (Fig. 6B). MMC significantly
slowed the rate of area coverage in non-treated cells (Fig. 6D, dashed
black line); however, it had no effect on 670 nm light-treated cells
(Fig. 6D, red lines). The percentage of dead cells in all groups was low
(~2-3%), during the time period observed (Fig. 6E). Notably, the
percentage of dead cells at 24 and 48 h were significantly lower in the
670 nm light-treated scratch group (S+670) compared to the control
scratch group (S) over the same time course (Fig. 6E).
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Fig. 6. Effects of 670 nm light treatment on MC cell cycle status and cell death following the scratch. A-C: The population of MIO-M1 cells at each phase of the cell cycle was analysed by
flow cytometry, and it was found that there were no differences between 670 nm treated and non-treated groups across the time course for the G0/G1 phase (A), G2/M phase (B) and the S
phase (C). D: Mitomycin C (MMC) pre-treatment of cells prior to the scratch injury significantly reduced the rate of area coverage in non-670-treated cells (dashed black line) but did not
have an effect on 670 nm light-treated cells (red lines). E: 670 nm light treatment reduced the percentage of dead cells at 24 and 48 h compared to scratch controls. All data is presented as
the mean + SEM. * denotes P < .05 and experiments were performed with N = 3 in biological triplicate. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

3.6. Effect of 670 nm light treatment on cell spreading and migration

To assess differences in MC size, we used vimentin and nucleic acid
labelling to visualize the cytoplasm and nucleus of cells at the edge of
the scratch site (Fig. 7A-H). The area of cytoplasm was significantly
increased at 24h and was maintained at 48 and 72h following the
mechanical scratch (Fig. 7A-D, I). Cells treated with 670nm light
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showed no significant change in cell area between time points
(Fig. 7E-H, I). The ratio of cytoplasm to nuclear area was significantly
higher in the non-treated group at all time points compared to the
670 nm light-treated group following scratch, suggesting that 670 nm
light treatment suppressed cell spreading (P < .05, Fig. 71).

To assess the effect of 670 nm light treatment on MC migration,
transwell chambers were used. Only a few migrating cells were noted in

Fig. 7. Cell spreading of MIO-M1 cells was
modified by 670nm light treatment. A-H:
Vimentin immunocytochemistry (ICC, green) and
cell nuclei staining (bisbenzimide, blue) allowed
the measurement of the area of the cytoplasm and
the area of nucleus (yellow dashed lines). I:
Quantification of the ratio of the cytoplasmic
area to the nuclear area showed that there was a
significant decrease in cell spreading following
670 nm light treatment. J: Cell migratory cap-
ability across a membrane of the transwell was
measured as the number of cells per field.
Although cell migration increased across the time
course, 670 nm light did not have an effect on the
migratory capacity of MIO-Mlcells. All data is
presented as the mean =+ SEM. * denotes
P < .05 and experiments were performed with
N 3 in biological triplicate. Scale bar re-
presents 50 pm. (For interpretation of the refer-
ences to color in this figure legend, the reader is

50 pm
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Fig. 8. The effects of 670 nm light treatment on
Miiller cell stress. A-H: MIO-M1 cells were la-
beled with GFAP (ICC, green), which increased
following the scratch injury (A-D). Treatment
with 670nm light reduced the expression of
GFAP (E-H). I-P: MIO-M1 cells were labeled for
FGF-2 (green), which also increased in the
scratch model (I-L). Treatment with 670 nm light
reduced FGF-2 expression (M-P). Q-R:
Quantification of GFAP (Q) and FGF-2 (R) label-
ling showed that 670 nm light treatment sig-
nificantly reduced GFAP and FGF-2 across the
time course following the scratch injury. All data
is presented as the mean * SEM. * denotes
P < .05 and experiments were performed with
N = 3 in biological triplicate. Scale bar re-
presents 100 um. (For interpretation of the re-
ferences to color in this figure legend, the reader
is referred to the Web version of this article.)
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the first 24 h, but a significant increase in migration was observed at
48h in both groups when compared to T =0 (P < .05, Fig. 7J). A
further significant increase in migration was present at 72h in both
groups compared to T = 48 (P < .05, Fig. 7J). There was no significant
difference in the number of migrating cells between 670 nm light-
treated and non-treated groups, suggesting that 670 nm light did not
have an impact on the migratory ability of MCs (P > .05, Fig. 7J).

3.7. Assessment of cell stress in vitro

To assess cell stress status in MIO-M1 cells in the scratch model,
GFAP (Fig. 8A-H) and FGF-2 (Fig. 8I-P) immunolabelling were per-
formed. In the S group, the percentage of GFAP + cells at the scratch
site significantly increased following injury compared to T = 0
(Fig. 8A-D, Q). The increased GFAP labelling was maintained there-
after, but by 72 h, there was a significant reduction in GFAP + cells
compared to T = 48 (Fig. 8A-D, Q). Treatment with 670 nm light
significantly reduced GFAP at all time points (P < .05, Fig. 8E-H, Q).

MCs expressed FGF-2 in the cellular cytoplasm immediately after
injury (Fig. 8I-P, R). A significant increase in FGF-2 expression was
apparent in the cytoplasm in the S group at 24 and 48 h compared to
T =0 (P < .05, Fig. 8J, K, R). Notably, more intense fluorescence was
observed around the nucleus. By 72 h, FGF-2 labelling subsided but was
still higher than at T = 0 levels (P < .05, Fig. 8L, R). In the S+670
group, FGF-2 expression increased following injury, however this was
significantly less than the S group across the time course (P < .05,
Fig. 8M-P, R). Collectively, these data suggest that 670 nm light

24 48 72

Hours

treatment can mitigate cell stress caused by mechanical injury.
4. Discussion

In this study, we demonstrated the effects of 670 nm light treatment
on activated MCs using in vivo and in vitro models of retinal injury. We
have demonstrated that treatment with 670 nm light can modulate the
activation of MCs following injury, and thereby leading to a reduction
1) in MG/M® recruitment into the outer retina, 2) in retinal in-
flammation 3) MC proliferation and migration, and therefore a miti-
gation of glial scar formation, which ultimately result in increased
photoreceptor survivability. We also show that it is critical to com-
mence treatment shortly after injury in order to maximise these bene-
ficial effects.

4.1. Early 670 nm light treatment mitigates MC reactive gliosis

The initial response of MCs following injury is through reactive
gliosis which includes the structural changes of these cells, the in-
creased presence of cytoskeletal proteins (GFAP, Vimentin) indicating
increased cell stress, the upregulation of neuroprotective factors (FGF-
2) and the production of pro-inflammatory cytokines (Ccl2, IL-1b)
(Rutar et al., 2010, 2011). We have previously shown that treatment
with 670 nm light prior to retinal injury mitigates photoreceptor loss,
and MC activation (Albarracin and Valter, 2012).

In the current study, 670 nm light treatment commenced after ac-
tivation of MCs, and we demonstrate that early treatment with 670 nm
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light reduced retinal cell stress decreased pro-inflammatory cytokine
expression and reduced the recruitment of MG/M@® following PD, when
treatment commenced 0-3 days post-injury. Furthermore, we show that
670 nm treatment can still partially prevent photoreceptor loss and
reduce the progression of the retinal lesion when treatment commence
early after retinal injury (0-3 days), however later treatment (14 days)
does not produce any measurable benefit for photoreceptor survival.

4.2. Effect of 670 nm light treatment on MC migration: implications for glial
scarring

Previous studies reported that following retinal detachment, MC
nuclei migrate into the damaged outer retina and undergo mitosis
thereby forming subretinal glial scars (Lewis et al., 1999, 2010), and
suggesting that movement and proliferation of MC nuclei is relevant to
glial scar formation. In the present study, we found that in the area of
the lesion there was evidence of glial scar formation within and outside
of the ONL in all retinas, confirming previous reports (REF), however,
those that were treated with 670 nm light showed a much less robust
scarring. Our in vitro findings show that 670 nm light treatment of MCs
reduced cell spreading, mitosis and FGF-2 expression. FGF-2 has been
shown to induce GFAP expression in MCs, and this has been linked to
glial scar formation in a rabbit retinal detachment model (Lewis et al.,
1992). In addition, MC migration is regulated by matrix metallopro-
tease (MMP) and protease inhibitor ay-macroglobulin (a,M)
(Barcelona et al., 2011, 2013; Limb et al., 2002a). a,M has been im-
plicated in the induction of GFAP expression in MCs (Barcelona et al.,
2011, 2013). 670 nm light treatment has been shown to reduce MMP
expression in wound healing of diabetic rats (Aparecida Da Silva et al.,
2013). Therefore, the decreased GFAP expression observed in our
treatment model may be related to changes in MMP or a,M expression
in activated MCs, which might regulate cellular migration as well as a
downstream effect of the reduction in FGF-2 expression. Further studies
exploring the association between MMP activity in MCs and 670 nm
irradiation are required however to prove this association.

Nakazawa et al., using transgenic mice models have shown that the
absence of GFAP and Vimentin can effectively attenuate MC gliosis and
subsequently limit photoreceptor death following retinal detachment
(Nakazawa et al., 2007b). Therefore, the reduction of MC activation,
and mitigated levels of GFAP and Vimentin in 670 nm light-treated
retinas may be strongly associated with the higher photoreceptor sur-
vivability and the slowing of the progression of retinal lesion, observed
in the present study.

4.3. 670nm light treatment mitigates retinal inflammation following injury

There is an early and rapid increase in Ccl2 expression in activated
MCs following PD, leading to the recruitment of MG/M® into the da-
maged photoreceptor layer (Rutar et al., 2012b, 2011, 2010). The
present study demonstrated that 670 nm light-treated retinas had less
MG/M® recruitment following PD, which is consistent with previous
studies (Albarracin et al., 2011; Begum et al., 2013; Kokkinopoulos,
2013; Kokkinopoulos et al., 2013). Previously we reported that the
recruitment of MG/M® is directly related to the Ccl2 expression in MC
(Rutar et al., 2012b). Although, the current study shows no effects of
670 nm light on Ccl2 expression in the retina, it is possibly due to the
early, rapid and transient regulation of Ccl2 expression, and may not be
observable at this time point (30 days post injury). However, the ob-
served reduction of MG/M® in the outer retina suggests that 670 nm
light has an effect on the recruitment of immune cells into the retina.

Inflammasomes have been implicated in retinal degenerations
(Kauppinen et al., 2016). This study demonstrates that 670 nm light-
treated retinas had a reduced expression of a number of inflammasome-
related genes following PD, including II-1f3, Nlrp3 and Casp8. It has been
reported that MCs express IL-13 when incubated with activated mi-
croglia, when grown under hyperglycemic conditions, or when co-
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cultured with degenerated photoreceptors (Liu et al., 2012; Lu et al.,
2017; Wang et al., 2011). These activated MCs can then stimulate MG/
M® to produce pro-inflammatory cytokines and complement proteins,
leading to further retinal damage (Fernando et al., 2016; Natoli et al.,
2017). The reduction of inflammasome-related genes observed in the
current study following 670 nm light treatment may be due to de-
creased MC activation. However, it is thought that the primary pro-
ducers of retinal inflammasomes are the RPE cells and MG/M® (Astray
et al., 2016). Although inflammasome activation has been shown pre-
viously in the MC line under hyperglycemic conditions (Trueblood
et al.,, 2011), it is thought that the effect of 670 nm light on the in-
flammasome could be due to other retinal cell types. Further in-
vestigation into the role of MCs in inflammasome activation is neces-
sary.

4.4. Mechanism of 670 nm light treatment on Miiller cells

Although the exact mechanism by which 670 nm light affects tissue
is still debated, it has been proposed that this wavelength of light is
most likely absorbed by cytochrome c oxidase (COX) (Karu, 1999,
2008), a rate-limiting enzyme in terminal phosphorylation in the mi-
tochondrial respiratory chain, leading to increased COX expression
(Begum et al., 2013) and elevated mitochondrial membrane potential
(Kokkinopoulos et al., 2013), which is proportional to mitochondrial
ATP production (Wong-Riley et al., 2005). ATP can be released from
MCs into the extracellular space upon osmotic stress and glutamate
stimulation (Voigt et al., 2015). Extracellular ATP and its downstream
signaling cascade have been reported to inhibit MC swelling, an in-
dication of MC gliosis, under hypo-osmotic conditions (Uckermann
et al., 2006). Consequently, 670 nm light may trigger MCs to release
ATP into the extracellular space under stress, which subsequently
contribute to maintaining retinal homeostasis.

Karu and Kolyakov have demonstrated that far-red light (667.5 nm -
683.7 nm) facilitate the synthesis of DNA and RNA in HelLa cells (Karu
and Kolyakov, 2005), suggesting that these wavelength of lights can
directly modify gene expression. We previously showed that 670 nm
irradiation changed gene expressions in control and PD rat retinas
(Natoli et al., 2010). The modulated genes included non-coding RNAs
(miRNA) as well as genes coding complement (Rutar et al., 2012a),
neuroprotective (Albarracin and Valter, 2012), and oxidative stress-
related (Albarracin et al., 2013) proteins. These investigations suggest
that 670 nm light may influence gene expression by regulating their
transcription, thereby mitigating damage.

5. Conclusion

Our data support the use of 670 nm light treatment in retinal con-
ditions where MC activation is a key feature, such as AMD, diabetic
retinopathy and retinal detachment. These results are encouraging, as
they show that irradiation with 670 nm light may be beneficial when
commenced after the onset of disease.
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