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Abstract

Age-related macular degeneration is the leading cause of irreversible vision loss in the
developed world. Late-stage age-related macular degeneration is classified into two basic
sub-types: dry (atrophic) and wet (neovascular). The neovascular subtype accounts for
the majority of severe vision loss from age-related macular degeneration. It is
characterised by abnormal angiogenesis in the choroid/retina with associated
haemorrhage and leakage at the macula. Inflammation and ischaemia are pathogenic
components of neovascular age-related macular degeneration and overexpression of
vascular endothelial growth factor is a key molecular driver. The current treatment of
neovascular age-related macular degeneration involves repeated intravitreal injections of
anti-vascular endothelial growth factor agents that block the pro-angiogenic pathway.
Although repeat intravitreal injection of anti-vascular endothelial growth factor agents
has revolutionized the management of neovascular age-related macular degeneration,
often stabilizing or improving vision, it is associated with an enormous economic burden
and is not without potentially significant complications. In addition, ongoing macular
fibrosis limits its efficacy in a substantial proportion of individuals. Adjunctive treatments
that improve visual outcomes and/or reduce the intravitreal injections burden are

clinically and economically desirable.

Photobiomodulation laser has the potential to target the up-stream hypoxic and pro-
inflammatory drive associated with neovascular age-related macular degeneration. It has
pleotropic effects on cell survival and energy metabolism. It is believed that the biological

effects of photobiomodulation are mediated through increased activity of cytochrome ¢
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oxidase, the rate-limiting enzyme in the mitochondrial electron transport chain.
Photobiomodulation stimulates adenosine triphosphate production and in various disease

models has been shown to mitigate oxidative stress-induced inflammation.

This study investigated the efficacy of photobiomodulation therapy in a laser-induced rat
model of neovascular age-related macular degeneration and attempted to elucidate the
potential anti-inflammatory and anti-angiogenic mechanisms that may be influenced by
this novel therapeutic laser treatment. Initially, the laser-induced choroidal
neovascularization model was optimized and, subsequently, two energy settings of
photobiomodulation laser were applied to the developed model. Neovascular membranes
were quantified using complimentary methods comprising immunohistochemistry for
new vessel antigens, spectral domain optical coherence tomography and fluorescein
angiography. Analyses were performed to ascertain if treatment successfully reduced the
size of the neovascular membrane and the degree of vessel leakage, and thus, improved
the tissue outcome. The immune cell response and level of vascular endothelial growth
factor in retinal tissues were analyzed to elucidate a mechanism for the observed effects

of photobiomodulation treatment in the choroidal neovascularization model.

Pre-treatment with photobiomodulation laser significantly reduced the size and volume
of the neovascular membranes and promoted normalization of vascular barrier function.
These observations were not associated with alterations in vascular endothelial growth
factor levels; however, there was evidence that photobiomodulation treatment was
associated with modulation of resident retinal microglia and Miller cell inflammatory

activation, as well as reduction in infiltration of vascular-derived leukocyte populations.
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However, the alternative anti-angiogenic pathway mediated by photobiomodulation was

not elucidated.

The findings in this thesis motivate further translational research investigating the role of
adjuvant photobiomodulation laser therapy in conjunction with routine intravitreal anti-
vascular endothelial growth factor injection treatment in clinical neovascular age-related

macular degeneration.
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Chapter 1:

A review of the literature

15



1.1 Basic Anatomy of the Vertebrate Retina

The vertebrate retina is organised as a highly laminar structure with three somatic layers
intercalated by two synaptic layers (Figure 1.1). It comprises the photoreceptor outer
segment layer (OS), outer nuclear layer (ONL), outer plexiform layer (OPL), inner
nuclear layer (INL), inner plexiform layer (IPL), ganglion cell layer (GCL), and nerve
fiber layer (NFL) . The ONL contains the cone and rod photoreceptor cells that mediate
photopic and scotopic vision, respectively. Although, rod photoreceptors make up 95%
of the photoreceptor population, cone photoreceptors, which primarily populate the
macula, are responsible for high acuity vision. Photoreceptor cells are composed of an
outer segment (OS), inner segment (IS), cell body and synaptic terminus. They undertake
phototransduction, the key process that involves conversion of photonic stimuli into
neuronal signals 2. This initial information is processed and modulated by horizontal,
amacrine, and bipolar cells, three major classes of interneuron. These in turn synapse with
projector neurons, retinal ganglion cells, that extend axons via the optic nerve and optic
tracts to transmit visual information to the visual cortex and visual association areas of
the brain to reach conscious visual perception 3. Glial cells reside throughout the retina.
Astrocytes and Mauller cells, the two neuron-supporting macroglia of the retina, and
microglia, the resident macrophages of the retina, constitute this key glial cell population
of the retina #. These cells perform a multitude of functions to support the aforementioned
retinal cell populations 5°. The retina, retinal pigment epithelium (RPE), and choroid are

closely linked anatomically and functionally.
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Figure 1.1: Schematic representation of the vertebrate neural retina and retinal

pigment epithelium. Modified from Skalicky *°.

1.2 Retinal Vasculature and Barriers: Relevant Cellular and Molecular Aspects

The process of phototransduction and neurotransmission is metabolically demanding, and
the photoreceptors have relatively large oxygen demands; however, the fact that blood is
a relatively poor transmitter of light has resulted in evolutionary adaptations to blood flow
in vertebrate retinas 114, The inner retina receives blood supply from the retinal vessels
whilst the outer retina, principally the photoreceptors, is supplied by the choriocapillaris.
The retinal capillary system comprises radial peripapillary capillaries, and superficial and

deep retinal plexuses. The radial peripapillary capillaries occupy the NFL, whilst the
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superficial plexus is situated between the NFL and GCL, and the deep plexus is situated

between the INL and OPL 15,

The retina is anatomically an outpouching of the diencephalon and the retinal vessels, as
extensions of brain vasculature, exhibit a blood-retinal barrier. Endothelial cell-derived
platelet derived growth factor (PDGF) plays a role in establishing and maintaining the
blood-retinal barrier, by recruiting pericytes through the PDGF receptor beta (PDGFR-R)
16, 17" Pericytes are smooth-muscle-like cells that have an intimate relationship with
microvascular endothelial cells. These cells induce vessel quiescence by wrapping around
capillaries and extending long cytoplasmic processes which contact with other pericytes
and multiple endothelial cells. They are a key player in blood vessel maturation and
influence vascular permeability and endothelial cell mitogenesis and migration by
liberating opposing factors, vascular endothelial growth factor (VEGF) or angiopoietin-

1 (Ang-1), depending on the local oxygen demand of the tissue 1820,

Angiopoitin-1 is a key factor involved in modulating pathological angiogenesis. It is a
well-known anti-permeability factor. It is understood to promote degradation of hypoxia
induction factor 1 alpha (HIF-1a), a key upstream induction factor for VEGF-A under
hypoxic conditions, and acts as a ligand for endothelial cell-specific tyrosine kinase Tie-
2/Tek receptor phosphorylation. It is also an induction factor for tight junction protein
expression in microvascular endothelial cells. In this regard, it appears that it directly
opposes the pro-permeability and pro-angiogenic effects of VEGF, stabilising the blood-

retinal barrier 21-24,
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PDGF is liberated by RPE, retinal ganglion cells (RGCs), and amacrine cell as part of
normal retinal development, and plays an ongoing role in promoting maturity and stability
of the retinal microvasculature to maintain adult retinal homeostasis 2> 26, The PDGF-BB
isomer is a chemoattractant for PDGFR-R+ pericyte recruitment 7. It has been observed
that blockade of PDGF is associated with impaired pericyte recruitment, and associated
aberrant endothelial cell mitogenesis, ultimately resulting in endothelial cell growth arrest
and regression of retinal neovascular disease 2> 28, It is thought that the loss of pericyte-
derived VEGF is the specific mechanism underlying this phenomenon 2. It is postulated
that PDGF-blockade makes endothelial cells more suspectable to VEGF-blockage 7 %,
In the presence of an angiogenic signal, pericytes disengage from the basement membrane
shared with endothelial cells through proteolytic degradation mediated by matrix
metalloproteinases (MMPSs). These tissue factors are involved in extracellular matrix
turnover, maintenance of basement membrane integrity, and influence endothelial cell
migration and tissue invasion. MMPs liberate endothelial cells from tonic inhibition,

allowing them to form new vessels in response to this angiogenic signal 24,

The retinal vascular endothelial cells (VEC) express tight junctions facilitated by their
close relationship with pericytes, retinal astrocytes and Muller glial cells, which are
separated from the endothelium by a basal lamina; together these form the inner blood
retinal barrier (iBRB) 3%. Muiller cells are radially oriented glial cells that span the entire
depth of the neural retina from the outer limiting membrane (OLM) to the outer limiting
membrane (ILM). They form connections with retinal neurons and bridge the various
compartments of the retina, allowing for functional exchange of water, ions,

neurotransmitters such as gamma-aminobutyric acid (GABA) and glutamate, and
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nutrients in the form of glucose and lactate/pyruvate. They also play a role in recycling
photopigment constituents, phagocytosis of cellular debris, waste product removal, and
modulating the microenvironment especially in regard to potassium homeostasis * 32-40,
Mduiller cells contribute to the iBRB by ensheathing retinal blood vessels, and enhance
tight junction expression in, and inhibit proliferation of, VECs by constitutively liberating
factors like thrombospondin-1 (TSP-1), and pigment epithelium derived factor (PEDF)
31,41-45 These factors selectively cause apoptosis of endothelial cells of new blood vessels
without affecting those of established mature blood vessels 4. This is pertinent in the
foveal avascular zone, the central 450-500 um of the macula, as the maintenance of this
avascular zone is thought to be due to a very high expression of PEDF in this region #'.
Miller cells also release VEGF, basic fibroblast growth factor (bFGF/FGF-2) and
transforming growth factor beta (TGF-B), which in combination are fundamental for
vasculogenic and angiogenic maintenance of the iBRB “851, Astrocytes make up a
relatively minor subset of the macroglial cell population in the retina. In many regards,
they behave in a similar manner to Muller cells. Astrocytes contribute to maintenance of
the iBRB and modulate pathological angiogenesis in a similar manner through expression
of TGF-B and Ang-1, key factors in modulating pathological angiogenesis, and by
extending processes to the ILM at the vitreo-retinal border, intermingling with Mller

cell end-feet 24:31,34,52,53

Microglia are maintained in a resting-state through tonic inhibition 5 %5, Under these
physiological conditions, microglia appear as horizontally ramified cells located in the
NFL, GCL, and IPL. In this ‘resting phenotype’ these cells constantly survey the

microenvironment, aided by their arborescent morphology 5%°. Perivascular
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macrophages and microglia play an important role in maintenance of the blood-retinal-
barrier to regulate the extracellular milieu and to confer immune privilege by deterring
the inflammatory immune response. They appear to have secondary blood-retinal-barrier
properties by phagocytosing extravasated proteins to protect the extracellular
environment from exogenous fluid 3% %8, This is especially pertinent in the context of

compromised and immature vessels in choroidal neovascular membranes.

The outer retina receives its nutritive supply from the choroidal vessels. The outer blood
retinal barrier (0BRB) is 1.4-1.5 um thick and is formed by tight junctions between
adjacent RPE cells, and Bruch’s membrane, of which the choriocapillary basement
membrane forms the outer layer. It forms an impermeable barrier separating the neural
retina from the choroidal blood vessels. Thus, exchange between the vasculature and the
retinal microenvironment is strictly controlled 5% ¢, The choriocapillary network receives
65-85% of the total ocular blood supply. It thus has a capacity to supply blood to the
retina that exceeds the photoreceptor demand by 20 times 6%. The choroidal VECs have
fenestrations to increase permeability of solutes and macromolecules 6. The
photoreceptor population is highly reliant on the RPE and choroid to carefully control the
microenvironment. The function and metabolic demand of photoreceptors varies between
the macular and peripheral retina. The foveal avascular zone correspondingly has a higher
capillary density (7:1 ratio) and larger capillary diameter (34 um versus 22-28 um) in the
choriocapillary network. Furthermore, the density and morphology of RPE cells also
varies from central to peripherally, being less pigmented, more numerous, and more

cuboidal at the macular compared to the periphery 62 63,
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The apical processes of the RPE cells inter-digitate with the outer segments of the rod
and cones photoreceptors via long microvilli, whilst the basal surface is associated with
Bruch’s membrane with the aid of basal infoldings to increase the surface area . RPE
cells maintain photoreceptor membrane potential, reinforce the attachment of the
photoreceptor to the RPE, and regulate nutrient content and homeostasis of the retina via
their polarity. This polarity facilitates the directional transport of regenerated
photoreceptor visual pigments, metabolic waste products, oxygen, water, ions, and
nutrients, such as glucose, amino acids, retinol and fatty acids between the
choriocapillaries and the retina via specialised transporters and channels 3 %, The RPE
cell cytoskeleton maintains the polarity of these cells as well as facilitates phagocytosis
of outer segment tips that are shed by the photoreceptor during their constant renewal

process and help transport these phagosomes to undergo lysosomal degradation 5 60.67-71,

The 0BRB, along with immunosuppressive factors liberated by the RPE, confer immune
privilege to the retina 5% 6 72 73 Tight junctions are apically located transmembrane
proteins that can be considered as an extension of the cell cytoskeleton that effectively
forms a fused region between adjacent cell membranes, obliterating the inter-endothelial
space, and conferring selective barrier properties to the capillaries. The main constituents
are the claudin, occludin, JAM, and ZO protein families, however, cingulin, 7H6,
symplekin and cadherin-5 also contribute to the junctional organisation within the
cytoplasm 16 31, Tight junctions serve a dual barrier and fence function, controlling the
flux of solutes, and movement of proteins and lipids from the basolateral (retinal and

choroid capillaries) to apical (neural retina) membrane surface 6.
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Inflammation and hypoxia results in the liberation of cytokines that trigger a cascade of
changes in the BRB. Several key soluble factors are known to facilitate BRB breakdown
in neovascular age-related macular degeneration (nAMD). Cytokines such as tumour
necrosing factor alpha (TNF-a), interleukin-1-beta (IL-1R), and VEGF are associated
with rapid changes in the endothelial cell, with loss of endothelial cell tight junctions,
appearance of vacuoles in endothelial cell membranes, and increased protein transcytosis
into the retinal tissue %. These factors are upregulated in recruited neutrophil, retinal
VECs, and retinal glia under conditions of ischaemia and inflammation "* 7>, RPE cells
are dense with mitochondria, mandated by the metabolically demanding
phototransduction cycle that involves continual degradation and resynthesis of
photoreceptor outer segments, thus exposing RPE cells to chronic oxidative stress 5% 60
6572, 73 The RPE cells thus liberate trophic factors such as VEGF, PEDF, PDGF, TGF-§,
fibroblast growth factor (FGF), and ciliary neurotropic factor (CNTF), among others in
an autocrine capacity. These are essential for maintenance of the adult retina by activating
down-stream pathways that influence endothelial cell mitogenesis and migration to
regulate choriocapillaris densities, as well as upregulate anti-apoptotic pathways to
maintain deoxyribonucleic acid (DNA) integrity, and optimise RPE cellular function,

survival and resistance to oxidative stress 0. 63.69,70,76-84

1.3 Vascular endothelial growth factor

VEGF is the master controller of retinal angiogenesis in health and disease and is the
target of the best current available treatment for NAMD 20, Hypoxia is known to be a
potent stimulator of VEGF secretion. Under hypoxic conditions expression of VEGF is

particularly upregulated by the RPE, Muller glia and astrocyte cell populations, and to a
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lesser extent by perivascular macrophages, RGCs, retinal pericytes, and VECs 4849, 85-88,
VEGF belongs to a family of cytokines; VEGF-A, VEGF-B, VEGF-C, VEGF-D, and
placental growth factor (PIGF) 8. These play an important role in angiogenesis and

lymphangiogenesis %.

VEGF-A is the main isoform that regulates angiogenesis and vascular permeability.
VEGF-A exerts its influence on VEC mitogenesis, migration, gene expression and
vasopermeability through high-affinity endothelial-specific tyrosine Kinase receptors,
VEGFR-1 (Fltl) and VEGF-2 (FIk/KDR) & 91-% \EGF-A has an order of magnitude
greater affinity for VEGFR-1 than VEGFR-2, but the latter has proportionally enhanced
signal amplitude through greater mitogen-activated protein kinase (MAPK)
autophosphorylation pathway activity. VEGFR-2 is expressed by endothelial and retinal
cells at all stages of ocular development and is considered the chief receptor signal for
angiogenesis °* %. The other VEGF isoforms, VEGF-B, VEGF-C, VEGF-D and PIGF
bind to the VEGF-1 and VEGFR-2 receptor only weakly, and thus do not have a
significant role to play in control of angiogenesis. VEGF-C and VEGF-D, bind avidly to
VEGFR-3 on lymphatic endothelial cells to play a critical role in lymphangiogenesis *.
In the retinal microvasculature, VEGF-A increases paracellular and transcellular
permeability by induction of protein kinase C-mediated endocytosis of occludin tight
junctions, redistribution of the occludin component of endothelial tight junctions, and
increased inducible nitric oxide synthase (iINOS) mediated caveolae formation in VECs.
This VEGF-mediated vascular permeability is potent, reportedly being 50,000 times that

of histamine.
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The VEGF-driven increased vasopermiability of both the iBRB and 0BRB contributes to
the accumulation of subretinal fluid and macular oedema in NAMD 16: 75 97100 \VEGF-A
derived isotype VEGFuses is the most pertinent in nAMD % %4, Increased understanding of
other proliferative retinal diseases, such as proliferative diabetic retinopathy (PDR), has
also paved the way for better understanding of nAMD; these neovascular disease of the
retina share a common pathogenic mechanism of hypoxia that promotes an imbalance
between VEGF/PEDF. Derangement in the PEDF/VEGF ratio is implicated in choroidal
neovascularization (CNV) in nAMD 19, This ultimately leads to neovascularisation and
increased vascular permeability, as in healthy subjects, PEDF expression is 10x higher
than VEGF, and predominantly localises to RPE cells 9219 PEDF, also known as
SERPINF1, is a potent anti-angiogenic, and neuroprotective molecule predominantly
released from the RPE and Miuiller glia cells of the retina 1%°-14, PEDF is one of the key
endogenous inhibitors of angiogenesis in the eye, along with TSP1, endostatin, and
angiostatin 1214 115 These pathogenic mechanisms discussed are as a consequence of
unrestrained activity of VEGF, as coincident down-regulation of endogenous
antiangiogenic peptides create a pro-angiogenic environment, contributing to the

development and progression of CNV in nAMD 116-118,

The impairment of the BRB is associated with extravasation of plasma proteins and
deposition of a provisional extracellular matrix. Liberation of MMPs, and down-
regulation of their antagonists, tissue inhibitor of metalloproteinases (TIMPs) also occur
in the presence of VEGF 0. MMPs are abundantly present in drusen and neovascular
membranes of subjects with nAMD and PDR; deficiency of MMPs is associated with

reduced neovascular membrane formation %12, TIMPs are known to prevent
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neovascularization by inhibiting VEC invasion even in the presence of potent pro-
angiogenic factors like bFGF/FGF-2 and VEGF 24131, Deficiency of TIMPs is associated
with Sorsby Fundus Dystrophy, an autosomal dominant macular dystrophy, characterized
by drusen deposition and neovascular membrane formation, analagous to what is seen in
AMD. RPE-derived TIMPs are notably absent at the site RPE cell loss and neovascular

membrane formation in subjects with nAMD.

If the BRB is disrupted and Muller cells and the RPE pump action is overwhelmed, the
transcellular movement of fluid from the inner retinal tissue and subretinal space to the
vasculature is disturbed, and an imbalance in influx and efflux of fluid into the retinal

spaces occurs 34 37:132 As a result of this imbalance, fluid accumulates in the extracellular

space as a result of Starling’s law; flow = Lp[Pplasma — Pricsue — U(ﬂpzasma —

nn-ssue)], where Lpis the membrane permeability, P is the hydrostatic pressure, o is the
osmotic reflection coefficient, and m is the protein osmotic pressure. Retinal oedema
results in increase retinal extracellular protein and increased tissue compliance, reducing
Piissue. Fluid accumulation at the macula results in macular oedema. This process causes

neuronal dysfunction and death, ultimately impairing central vision 32 34.36-38,

1.4 Neovascular age-related macular degeneration

AMD is the leading cause of blindness in the developed world, and the fourth leading
cause of blindness worldwide 133134 1t is a disease of the elderly and has a predilection
for Caucasian individuals compared to that of other ethnic groups (Asian, African,
Hispanic) at every stage of disease. It has a prevalence of 8% and due to the ageing

population, is becoming more prevalent at an exponential rate, with an expected global
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burden of 300 million by 2040 %, It causes damage to the macula, the region of the retina
responsible for cone-derived, high-acuity vision. AMD has significant non-visual
morbidity associated with it, with close to twice the rate of depression compared to age-

matched populations 136137,

There are four broad classifications of AMD as defined by the Age-Related Eye Disease
Study (AREDS) %8, Advanced AMD is typically categorized into two key subtypes; dry
(atrophic) and wet (neovascular/exudative). The neovascular subtype, also known as
exudative AMD, accounts for 10-15% of AMD cases, and 80-90% of AMD-related vision
loss 13%-141 Common subtypes are characterised by abnormal blood vessel growth from
the choroid into the retinal layer. This phenomenon is called choroidal neovascularisation
(CNV). These blood vessels break through Bruch’s membrane and the RPE, and grow
into the retina, causing exudative and haemorrhagic detachment, and ultimately macular
fibrosis. Functionally, this pathology is associated with metamorphopsia and usually a
profound degradation of central vision. The chronic fibrotic component, referred to as

geographic atrophy, remains essentially untreatable 139143,

Whilst some factors are linked to the development of AMD, such as aging, smoking, diet,
obesity, vascular disease, and heredity, the precise mechanism for its development is still
unknown. The current perspective is that the interplay between chronic hypoxia, low-
grade inflammation, and complement activation causes RPE cell and glial cell
dysfunction 144148 |t is understood that ageing in-itself is characterised by dysregulation
of the immune system, with a shift towards pro-inflammatory and pro-oxidative stress

milieu. This is believed to place glial cells in a ‘primed’ state. Consequently, glial cell
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function is altered, leading to excitotoxicity, dysfunctional synaptic activity,
downregulated trophic factor production, and ultimately, to apoptotic cellular death. It is
speculated that in conditions like AMD oxidative stress and inflammation are amplified,

perpetuating this cytotoxic state 34 54,

1.5 Inflammation in neovascular age-related macular degeneration

Chronic inflammation contributes to the pathogenesis of AMD through glial-glial and
cytokine-endothelial interactions. Retinal microglia are a specialized population of
resident retinal immunocompetent cells that are intimately involved in retinal
inflammation, immune function, and tissue repair, but also fulfil the role of a scavenger
cell, phagocytosing cellular debris 5* 4% 150, They are activated and migrate to the site of
retinal injury and are believed to play a role in various retinal degenerative processes.
Microglial activation is a pivotal step in the development of CNV in nAMD. This is
reflected in AMD maculae, where both microglial cells and perivascular macrophages are
noted to relocate to the subretinal space in close contact with drusen deposits and express
a higher pro-inflammatory ‘M1-phenotype’ compared to a reparative ‘M2-phenotype’
chemokine transcript ratio when compared to normal age-matched eyes 151153, In this
cytotoxic form, glia down-regulate expression of neurotrophins such as bFGF/FGF-2,
TGF-i3, PDGF, epidermal growth factor (EGF), insulin-like growth factor (IGF), nerve
growth factor (NGF), and brain-derived neurotrophic factor (BDNF). These factors are
known to regulate neuronal growth, modulate gliotic reactivity and be protective against
cell death induced by hypoxia, oxidative stress, tissue inflammation, apoptosis, and
glutamate excitotoxicity in fundamental retinal cell populations; namely, photoreceptors,

ganglion cells and RPE cells 52:149.154-167 These glial-neuron cell interactions in the retina

28



are important for photoreceptor survival 161 168181 Retinal glial act as a template for
neuronal and vascular growth and structural organization of the developing retina and
ongoing maintenance of the functional and mechanical integrity of the adult retina 2% 182,
Thus, the loss of glia-derived trophic support to glia and neurons perpetuates retinal

degeneration 52, 149, 150, 165-167, 183.

Furthermore, in a cytotoxic state, microglia secrete oxidative products, and pro-
inflammatory cytokines; namely, TNF-a, IL-18, interleukin-6 (IL-6), and interferon-
gamma (IFN-y), which perpetuates further polarization to the cytotoxic phenotype. There
is cross-talk between microglia and Miller cells, thus, microglial activation detrimentally
alters the Muiller cell response under conditions of stress and injury ¢ 84 This Miller
cell phenotype switch towards gliosis is associated with upregulation of the expression of
pro-inflammatory cytokines, endothelial cell adhesion molecules, and immune cell
chemokines %, This in turn leads to blood-retinal barrier breakdown, and the activation
and recruitment of additional microglia. This is instigated and perpetuated by the retinal
Muller cells, and perivascular macrophages, which are known to be abundantly present
in CNV membranes of subjects with AMD, and which in turn release more IL-18 and

TNF-0 8788,

Inhibition of immune cell infiltration into retinal tissue is associated with inhibition of
CNV development 186-188 This is likely due to reduced cytokine release. Ultimately, TNF-
o is considered the master controller of inflammation. TNF-a. is an induction factor for
IL-1R and IL-6 8. These factors appear to have synergistic amplifying effects on BRB

breakdown 58 75:190-195 TNF-q disrupts retinal VEC tight junctions in the iBRB and 0BRB
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and is known to upregulate expression of intercellular adhesion molecue 1 (ICAM-1),
platelet endothelial cell adhesion molecule 1 (PECAM-1) and vascular cell adhesion
protein 1 (VCAN-1) receptor adhesion molecule expression on VEC membranes 4 75195
196 Furthermore, it appears to be a signal transduction molecule for VEGF in the RPE
197,198 The reduction in serum VEGF levels with blockade of TNF-a by adalimumab
adds further weight to the importance it plays in NAMD . IL-1R directly induces VEGF
expression and is a potent chemotactic factor for leukocytes, which induce break down
of VEC tight junctions during infiltration across the endothelial barrier. In this regard, it

differs from TNF-a, which directly induces tight junctional disruption 58 75 190-195,

Pathological activation of the complement cascade is believed to be another key
mechanism implicated in the development of AMD 290-207. Blockade of complement
factors C3 and C5, which are the key factors in the formation of membrane attack
complexes (MAC), prevents CNV development 2%-210 |L-1R is an induction factor for
the complement cascade, in particular C3 °. There are numerous AMD susceptibility
genes affecting the alternate complement cascade identified in the literature, however, the
complement factor H (CFH) and complement factor B and complement component 2
(CFB/C2) pathogenic gene variants are present in 74% of AMD patients 44 211-214 This
may explain why complement components C3a and C5a are found in abundance in drusen
and noted to be elevated in the serum of AMD subjects 25-21°, This in turn appears to
promote aberrant angiogenesis by propagating retinal inflammation and inducing VEGF

expression in RPE cells in AMD 20,
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1.6 Mitochondrial dysfunction and oxidative stress in neovascular age-related

macular degeneration

Several lines of evidence indicate a role for mitochondrial dysfunction and resultant
chronic oxidative stress in the pathogenesis of AMD. Mitochondria are the primary
source of reactive oxygen species (ROS) in the cell, as part of the normal process of
oxidative phosphorylation. Thus, mitochondria are particularly susceptible to oxidative
stress. Superoxide dismutase is a key antioxidant in mitochondria and first line of defence
against oxidative stress. This system appears to be overwhelmed by chronic oxidative
stress during aging. This causes secondary mitochondrial dysfunction such as
mitochondrial depolarization, swelling, and release of cytochrome c (cyt ¢), with resultant
dysregulation of the main mitochondrial apoptotic pathway, BAX/BCL-2 ratio, and

induction of apoptosis 229224,

This chronic oxidative stress appears to be mediated by several mechanisms. Age-related
basement membrane thickening and capillary drop out in the choriocapillaris, which is
exacerbated in AMD, results in diminished lysosomal activity and phagocytosis of the
photoreceptor outer segments, and disrupts the transportation of nutrients and cell debris
through the RPE to and from the choriocapillaris 22227, Evidence suggests that this
capillary drop out precedes RPE loss in NAMD 2?8, RPE cells secrete VEGF to maintain
the choriocapillary bed and their permeability 22°. Coincident loss of RPE results into
choriocapllary atrophy, and in particular, reduction in choriocapillary diameter and loss
of capillary fenestrations 22> 230, This is believed to be due to loss of RPE-derived VEGF
with RPE degeneration 23 232 This promotes a pro-inflammatory and hypoxic

environment 228,
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Gene and protein analysis of mitochondria in retina and RPE of aged subjects, including
subjects with AMD demonstrate that there is accumulation of mitochondrial DNA
mutations with age 2%. Teruk et al found that mitochondrial DNA mutations occurred
only in the RPE of donors and that the quantity of mutations correlated with AMD
severity 234, An earlier study in AMD subjects, that investigated the whole cell and not
just mitochondria, showed similar findings 2%°. As with other groups, they demonstrated
mutations in genes coding process involved in oxidative phosphorylation, adenosine
triphosphate (ATP) production, phagocytic function, and cytoprotective proteins such as
heat-shock-proteins (HSPs) 234, This is supported by evidence demonstrating decreased
mitochondrial membrane potential, reduced cytochrome ¢ oxidase (CCO) activity and
impaired oxidative phosphorylation in the mitochondrial respiratory chain, and decreased
phagocytic activity and survival of RPE cells 220-222.236 However, they demonstrated that
there was no difference between RPE cells at the macula versus the peripheral retina,
which does not correlate to the selective macular degeneration that occurs in AMD 234,
The retina is vulnerable to oxidative injury because it has high energy requirements and
oxygen consumption rate. The presence of an avascular zone in the central fovea, being
hence dependence on the choroidal circulation, makes the macula particularly susceptible
to hypoxic stress. This could explain why mitochondrial mutations and resultant

dysfunction have a greater clinical implication at the macula.

RPE cells contain numerous intracellular pigments; melanin, lipofusin and flavins that
absorb excess light, which aids vision functionally by reducing glare and protects the
retina from photo-oxidative stress 8. Evidence demonstrates that the mitochondria in

RPE cells absorb light in the blue spectrum; life-long exposure to light in the blue-
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spectrum results in accumulation of cytotoxic lipofuscin/A2E in the RPE and this in turn
triggers production of ROS, causing mitochondrial DNA damage ¢ 2?2, In RPE cell lines
with in-built mitochondrial dysfunction as a model of AMD, the addition of
lipofusion/A2E caused cell death but could be reversed with addition of an antioxidant
236 This same mechanism is believed to also be the pathogenesis for mitochondrial retinal
dystrophies; for example, mitochondrial ‘maternal inherited’ mutation subtypes of

retinitis pigmentosa (RP) 233,

Mitochondrial DNA damage is also contributed to by TNF-a-mediated inflammation,
which leads to induction of ROS and reactive nitrogen species (RNS), inhibits RPE cell
phagocytotic function, increases microvascular permeability and has chemokine
properties, promoting immune cell infiltration into the retina 1%:237-23% 1t is suggested that
TNF-a acts as a transduction molecule for the potent pro-angiogenic factor, VEGF,
through these complex mechanisms 1°7. Angiogenesis is tightly regulated under
physiological conditions. Persistent upregulation of angiogenesis is a common
pathological process in several blinding disease, including PDR, branch retinal vein
occlusion (BRVO), retinopathy of prematurity (ROP), and nAMD 24, VEGF is
abundantly present in neovascular membranes of individuals with nAMD and there is
increased expression of VEGF in the RPE and outer nuclear layer of the macula of

individuals affected by AMD compared to controls 241-243,

33



1.7 Current best practice for treatment of neovascular age-related macular

degeneration

Historical treatment for CNV utilised laser photocoagulation to ablate neovascular
vessels. However, this treatment modality was only suitable for a small proportion of
patients. This was because it could itself cause visual deterioration through nonselective
thermal retinal tissue destruction and scar formation, and was associated with an
approximate 40-60% disease recurrence rate 244247, Photodynamic therapy with
photosensitizing compound, verteporfin, is a treatment that was found to reduce severe
vision loss through a selective photochemical angio-occlusion mechanism 248, However,
it did not result in clinically significant improvement in visual acuity 24°-2%, Furthermore,
this treatment is frequently unable to stabilise vision; whilst closure of neovascular
vessels temporarily controls disease, it unfortunately triggers local hypoxia-driven VEGF
elevation that encourages neovascular vessel formation and exacerbates disease in the

long-term 251255,

The over-expression of the pro-angiogenic factor, VEGF, is the main molecular effector
of the abnormal new vessel growth in nAMD 43, Its blockade causes CNV regression 2%,
Immunological blockade, colloquially referred to as anti-VEGF therapy, has
revolutionized modern ophthalmic practice. Anti-VEGF therapy is administered via
intravitreal injection into the affected eye(s). The advent of anti-VEGF therapy in 2004,
following the VISION trial, radically changed the visual prognosis of nAMD 257, This
success led to a paradigm shift in treatment; consequently, anti-VEGF therapy is now
considered current best practice. Photodynamic therapy with verteporfin, however, has a

potential use as adjunctive therapy in those patients that do not respond to anti-VEGF
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therapy alone, as investigated in the FOCUS and SUMMIT trials 2%-262, Anti-VEGF
therapy is also used in other retinal diseases characterised by pathological intraocular

neovascularisation, such as BRVO, diabetic macular oedema (DME), and ROP “8,

Currently, five anti-VEGF agents are used in practice for treatment of nAMD;
ranibizumab (Lucentis), pagaptanib (Macugen), aflibercept (Eylea), bevacizumab
(Avastin), and conbercept (Lumitin) 263-273, Ranibizumab is a humanized recombinant
monoclonal antibody fragment with high affinity for human VEGF-A, thus, binding to
this isoform and preventing binding of VEGF-A to its receptors 268 272274 Two landmark
studies, the MARINA and ANCHOR trials, convincingly demonstrated its efficacy in
improving and stabilizing visual acuity and inhibiting clinical disease progression in
NAMD and its superiority to photodynamic therapy with verteporfin, cementing its use in
clinical practice 255 266, Bevacizumab is the parent drug of ranibizumab. It was
traditionally utilized as adjuvant therapy in the treatment of cancer. It has been proven to
be non-inferior to ranibizumab for NAMD in the CATT and IVAN trials; it is now widely
used off-label 275278, The novel agent, aflibercept, also known as VEGF-Trap, is a
receptor decoy that contains VEGF-binding elements for the extracellular domains of
VEGFR1 and VEGFR?2, thus binding and ‘trapping’ all VEGF-A isoforms and PGF with
high affinity. It has also been found to be non-inferior to ranibizumab in the VIEW trials
270,217-219 The receptor actions of conbercept are similar to aflibercept, and thus has high
affinity for all isoforms of VEGF-A and PGF. The AURORA and PHEONIX clinical
trials demonstrated clinical safety and efficacy, but non-inferiority studies have yet to be
conducted. However, a metanalysis comparing conbercept and ranibizumab suggested
superiority of the former regarding number of injections required to achieve disease

remission. This may be explained by the extra binding domain for VEGFR-2 that
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conbercept possesses, which is thought to allow it to bind more avidly 28283, Pagaptanib
is considered inferior to these newer agents and is now utilised as second-line therapy.
However, amongst the newer agents, switching anti-VEGF therapy has been investigated,
and does not appear to have a clinically significant benefit 24 285 However, halting
progression early is imperative, as the evidence strongly indicates that there is a ceiling

to optimal BCVA achievable with anti-VEGF therapy with delays in treatment initiation

266, 286-288

The invasive nature of anti-VEGF administration comes with potentially sight-
threatening complications, such as choroidal detachment and haemorrhage,
endophthalmitis, uveitis, retinal tears and retinal detachment 2%, Extensive clinical trials
have been performed with the primary aim of identifying the minimum effective dose
regimen in hopes of offering the potential to reduce the burden of monitoring and the risk
of the sight-threatening adverse event outlined above with the established monthly
intravitreal injection regimen. However, fixed quarterly and pro re nata (PRN) dosing
regimens, as adopted in the SUSTAIN, EXCITE, HORIZON, PIER and SAILOR clinical
trials, were associated with inferior visual outcomes and thus are considered suboptimal
when compared to the strict monthly treatment regimens adopted in the MERINA and
ANCHOR trials 287220294 Thys, it is still considered best practice to administer 1-3
monthly injection for the patient’s lifetime 2% 2%, A treat and extend regimen has evolved
as common practice. This strategy aims to reduce the treatment burden on individuals,
the health system, and the economy whilst maintaining efficacy. The protocol begins with
3 monthly injections, monitors visual acuity and macula fluid on optical coherence
tomography (OCT) and titrates these variables, aiming to keep the macula dry and vision

stable whilst extending the duration between injections, although generally no further
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than 3 months. However, important data from the Australian Fight Retinal Blindness!
(AFB") Registry has demonstrated that a greater number of injections leads to better
visual outcomes 2°’. Additionally, despite best current practice, a third of individuals
show resistance to anti-VEGF, exhibiting persistent oedema and progression of disease,
and a tenth exhibit tachyphylaxis over the long-term, resulting in vision loss and
compromised quality of life 2%8-301, A goal of evolving therapeutics is to reduce the
injection burden. Potential therapeutic targets include the up-stream hypoxic and pro-

inflammatory drivers behind this disease 24 276, 302-307,

1.8 The role that light plays in the treatment of retinal disease

The publication of the diabetic retinopathy study (DRS) and the early treatment of
diabetic retinopathy study (ETDRS), demonstrating an improved visual prognosis with
argon blue-green laser photocoagulation in subjects with PDR, and advanced non-
proliferative diabetic disease with clinically significant macular oedema, respectively,
cemented laser photocoagulation as a standard therapy for diabetic maculopathy 3% 309,
Whilst laser photocoagulation is still routinely used to treat pre-PDR, and PDR, anti-
VEGF therapy has a proven superiority for treatment of DME and can replace pan-retinal
photocoagulation (PRP) provided ongoing treatment is possible 310 311 | aser
photocoagulation remains the standard therapy for ROP, as alternate treatment
modalities, such as anti-VEGF, have insufficient evidence in support of superiority or
long-term side effect profile in this population to urge a change in current best practice
312,313 Laser photocoagulation was also considered as a possible intervention to treat
drusen in early-stage AMD in an attempt to slow progression to advanced disease, as

characterised by CNV and geographic atrophy (GA). However, whilst a Cochrane
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Review in 2009, and again in 2015, found that there was a reduction in drusen, no
clinically significant reduction in progression to advanced disease was proven, which

dampened interest in this particular avenue of inquiry 314 315,

Conventional photocoagulation is performed using continuous wave (CW) laser
irradiation, whereby approximately 50% of the incident laser energy is absorbed by the
melanin pigment in the RPE cells and is converted to thermal energy 316318 The
irradiation time exceeds the thermal relaxation time of the RPE cells, which
approximately equals 10us, and results in heat dissipation out of the RPE during and after
the laser treatment, causing thermal damage to the adjacent choroidal and photoreceptor
cells 31%-323 Traditional theories regarding the mechanism of action of PRP have been,
firstly, the notion that PRP destroys photoreceptors and reduces oxygen demand; and
secondly, that PRP creates chorio-retinal shunts delivering oxygen to the retina 324, The
mechanism of action of focal photocoagulation targeting leaky microaneurysms is clear

but its mechanism on diffuse macular oedema is less well understood.

Possible mechanisms of low power photocoagulation laser include altered gene
expression, increased extracellular matrix turnover and liberation of cell viability factor
mediated by the wound-healing response of RPE cells that receive a sublethal thermal
injury around the laser burn 81325327 Histological studies have shown that in proliferating
RPE cells surrounding laser photocoagulation lesions, there is up-regulation of cell
viability factors, increased extracellular matrix turnover, and a shift in VEGF and PEDF
expression ratio to favour an anti-angiogenic microenvironment 327-3%2_ |t also appears

that short-pulse laser can influence RPE expression of MMPs and their antagonists,
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TIMPs. It is postulated that this process removes drusen and other toxic waste products
that contribute to RPE dysfunction in nAMD 120. 123, 333335 \\/ith this new perspective,
there is a drive to develop laser therapies that selectively target the effector cells, the RPE,
and to further investigate the molecular response of the RPE in this model of conditioning
injury. This is particularly important as there is ongoing concern around treating disease
near the macula due to an increased frequency of CNV from injury to Bruch’s membrane
with laser photocoagulation treatment, and visual impairment from thermal injury to the
photoreceptors and inner nuclear layer, firstly from the initial treatment, and secondarily
from ‘atrophic creep’. These clinical issues have stimulated investigation of minimum

intensity laser therapy for the treatment of macular disease 317 336-342,

1.9 Photobiomodulation laser

The application of light in the far red and near-infrared range (600-100 nm) for
therapeutic purposes is referred to by several terms; low-level light therapy (LLLT),
photobiomodulation (PBM), low-level laser therapy, low-power laser irradiation, and
red/near-infrared light therapy (R/NIR) 3%, In this thesis, | will refer to this therapy as
PBM. The medical applications of light therapy date back to antiquity and were re-
introduced by Finsen, in studies for which he received a Nobel Prize in Medicine in 1903
34 In the 1960’s, working with an early low energy ruby laser, Mester observed the
wound healing effects of PBM 3%, As a principle of photobiology, the biological effects
of PBM are mediated through a ‘photo-acceptor’, which is defined as a molecule in a cell
that when exposed to a certain light frequency, activates cellular processes that promote

cellular repair or regeneration.
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The concept of an action spectrum is important when attempting to understand the
biological response of tissue to different wavelengths of light. Under ideal conditions, the
wavelength of light used should be analogous to the absorption spectrum of the photo-
acceptor molecule intended to absorb this light and within which the photochemical
reaction causes the intended effect 346, It is suggested that CCO is the photoacceptor in
the eye and brain 62 63.347-349 CCO is composed of 4 redox active metal centers: dinuclear
CuA, CuB, heme a and heme a3. These preferentially absorb red to near-infrared light 34°.
It is the rate-limiting enzyme in terminal phosphorylation in the mitochondrial respiration
electron transport chain 3%, PBM is postulated to counteract hypoxia and modulate
cellular survival by increasing expression of, and up-regulating activity of CCO 31353 |t
is believed to do so by causing dissociation of nitric oxide (NO) from CCO, with oxygen
preferentially binding, and thus improving mitochondrial oxidative phosphorylation and
increasing mitochondrial membrane potential, with resultant reduction in ROS
production, and promoting recovery from mitochondrial respiratory chain blockade under
hypoxic conditions 354-3%, The observed biological effects of increased CCO activity are
increased ribonucleic acid (RNA) and DNA synthesis rates, increased ATP production,
cellular migration, increased blood flow, improved oxygen binding, and reduced

oxidative stress and inflammation 346. 347,357,

The visible to near-infrared light used for PBM ranges from 500-1000 nm but the
wavelengths at which it exerts its major biological effects are in the range of 600-860 nm,
with peak absorption spectra at 613.5-623.5 nm, 667.5-683.7 nm, 750.7-772.3 nm, and
812.5-846.0 nm 346, There are a growing number of medical conditions amenable to PBM

at energy densities (fluence) between 2-10 J/cm?, with a wide diversity of application,
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from neuropathic pain management, brain and spinal cord injury and wound healing, to

more recent applications in retinal diseases 358-361,

PBM has been demonstrated to be a safe, non-invasive therapy in a number of case studies
and animal models for ROP, amblyopia, PDR, light-induced retinal injury, methanol-
induced retinal injury, and RP 362369 The evidence for the clinical benefit for PBM in
AMD so far is mainly limited to LED based photobiomodulation application in dry age-
related macular degeneration (dAMD), with LIGHTSITE 1 clinical trial investigators
demonstrating improvement in drusen burden and BCVA in subjects with dAMD 370-373,
However, this improvement in BCVA was transient, suggesting repeated, maintenance
treatment is required for ongoing benefit. Furthermore, the majority of clinically
significant improvement occurs in subjects without evidence of geographic atrophy, an
observation also made in the subsequent LIGHTSITE |1 trial; this reaffirms the notion
that a viable retina-RPE complex must be present to reap benefit from PBM treatment 374,
The investigators were unable to comment on disease progression; however, the reduction
in drusen burden suggests that there is potential to modulate the natural history in treated
subjects. The application of PBM in dAMD with the TORPA clinical trial provided more
insight into the potential role PBM has in the treatment of AMD. Investigators
demonstrated that treatment with PBM in 18 subjects with dAMD was associated with a
statistically significant improvement in visual acuity and contrast sensitivity immediately,

with benefits maintained at statistical significance at 4, 6, and 12 months follow up 7%

371
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Ivandic et al conducted a case series in AMD that presented pooled data that included
subjects with nAMD. The authors reported that there was clinical improvement in oedema
and bleeding in this subgroup, although, these features were not specifically measured in
a quantitative manner, nor specifically discussed 72, Preliminary data from a case series
conducted by Tang et al in subjects with DME demonstrated PBM treatment reduced
central retinal thickness in treated eyes 3. The NIRD clinical trial added weight to these
findings by demonstrating a reduction in central macular thickness, and improvement in
BCVA in subject with DME that had received treatment with PBM laser; further to this,
no treatment related adverse events were reported 37°. This limited but promising clinical
evidence provide more insight into the role of PBM treatment in neovascular retinal
disease. However, a mechanistic understanding of how photobiomodulation may impact
on the specific aspect of neovascularization and vascular permeability in nAMD are still

lacking.

Derangement in the balance between anti-angiogenic and pro-angiogenic tissue factors is
implicated in CNV formation in nAMD due to altered gene expression in the context of
hypoxic drive. This is further supported by the correction of this balance when
mitochondrial antioxidants are introduced % 376, There is a suggestion that PBM
treatment can shift the ratio of key players in retinal angiogenic balance, VEGF/PEDF,
towards an anti-angiogenic cytokine profile 3. Certainly, PBM treatment has been
demonstrated to modulate VEGF expression in Miiller cell exposed to light-stress, reduce
neovascularization in a mouse model of ROP, reduce VEGF expression in a rabbit model

of oral mucositis, and reduce central macular thickness in subjects with DME and nAMD

362, 365, 372, 378-380
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PBM has pleotropic effects and thus there are a number of possible mechanisms. It is
clear that within an hour of application, gene expression involved in cellular proliferation,
antioxidant production, anti-apoptosis, mitochondrial energy function, membrane
potential and ion-channel activation, DNA synthesis and repair, and immunomodulation
are upregulated 38382, Of particular interest is that PBM is known to down-regulate the
expression of TNF-a., the master controller of inflammation that is implicated in a number
of pathogenic pathways involved in nAMD development; this modulation is noted in the
retina under hypoxic conditions, in an aged-mouse model of AMD, and in light-induced
retinopathy, as well as in the spine in autoimmune encephalitis 35038338 pPBM is also
known to downregulate C3 expression in a CFH-deficient mouse model of AMD 363 383,
385 PBM has further anti-inflammatory actions by reducing the number of activated, M1-
polarised, pro-inflammatory state, microglial cells in animal models of ROP, and AMD
367,383 Furthermore, PBM treatment is associated with reduced Miiller cell activation, and

leukocyte activation and infiltration 350. 366 386,

PBM has been shown to activate the main anti-apoptotic pathway factor, BCL-2, and is
associated with modulation of expression of expression of neurotrophic factors such as
bFGF and CNTF in a light-damage rat model of AMD, is consistently associated with
improved photoreceptor survival in animal studies, and is associated with improvement
in ERG responses and best corrected visual acuity in patients with amblyopia, DME, and
both JAMD and nAMD as an indicator of improved photoreceptors function 362 364, 365,

367,371, 372,378,379, 387,388 Of particular interest is the feasibility of this application in nAMD

43



as the biological effects of PBM appear to target multiple key pathogenic mechanisms

believed to cause NAMD.

1.10 The laser induced choroidal neovascularisation model in animal

Following the establishment of a straightforward effective laser CNV model in primates
by Ryan et al 3, several research groups then replicated and modified the technique to
produce rodent models. Laser-induced CNV in rat is now a well-established model
utilized for therapeutic applications, which shares many pathogenic mechanisms common
to CNV in nAMD 368, 390-392 \When used at high-energy levels, the thermal burn from
continuous wave laser can rupture Bruch's membrane, leading to the growth of new
choroidal vessels into the subretinal space, mimicking the choroidal neovascularization
seen in human nAMD 3%, Review of the literature revealed that investigators typically
used red or green laser to induce CNV lesions. The solid-state frequency-doubled
neodymium: yttrium aluminium garnet (fd Nd:YAG) laser produces green light of 532
nm wavelength by way of second harmonic generation; the 1064 nm radiation emitted
from the Nd:YAG crystal is then passed through a potassium titinyl phosphate (KTP)
crystal, which is a non-linear compound, causing the pump radiation to double in
frequency as it passes through, producing 532 nm radiation. The fd Nd:YAG laser causes
tissue effects through a thermal reaction in the pigment of cells that have a corresponding
wavelength absorption spectrum as the laser light; in the case of melanin in RPE and
choroid it has a broad absorption spectrum, whilst haemoglobin optimally absorbs light
in the blue-green spectrum 3% 3% Whilst there is much variability in the laser settings
used to produce CNV lesions, in studies that utilised 532 nm laser, the laser settings were

typically between 50-100 ms, 50-100 pm, and 100-200 mW 395-400,
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It appears that an inflammatory milieu is propagated following laser induction. The
complement cascade and resultant formation and deposition of membrane attack
complexes (MAC), the end-product of the complement cascade, between 24-72 hours
after induction is a trigger for CNV formation in laser-induced CNV models 298-210,
Macrophage cell infiltration of the site of laser injury is another suggested inflammatory
mechanism for CNV induction in this model, with infiltration occurring as early as 24
hours, peaking at 48-72 hours and normalising by 7 days. Further to this, it appears that
macrophage infiltration is closely correlated to the quantity of VEGF expression and
CNV lesions volumes 87 188,401 The resultant inflammatory milieu appears to stimulate
the release of a number of viability factors that play an important role in angiogenesis,
including VEGF, aFGF, bFGF, and TGF-f. However, VEGF is thought to be the key pro-
angiogenic factor in laser-induced CNV development, as it is in clinical NAMD, as VEGF
blockade causes CNV regression 187, 208,402,403 |t gppears that VEGF-C and VEGFR-3
are in particular implicated in laser-induced CNV membrane formation, with Mller cells
being an important source “%4. As there are multiple common pathogenic mechanisms
between laser induced CNV model and nAMD development, the use of this model of

CNV can aid in studying the modulation of CNV with new therapies in nAMD.

1.11 Rationale for the study

There is a growing evidence base for the anti-inflammatory effects of PBM treatment in
neuronal tissues. Our understanding is that chronic retinal inflammation plays a core role
in instigating and perpetuating choroidal neovascularization in clinical nAMD.
Replicating this fundamental pathogenic process in an accelerated model of NnAMD, as

will be done with the laser-induced CNV model, will allow investigation into the role of
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PBM laser treatment in modulating retinal inflammation and pathological

neovascularization.

1.12 Hypothesis

It is hypothesized that retinal photobiomodulation laser treatment will modulate the
retinal stress response in a laser-induced choroidal neovascularization model. This
modulation of inflammation is hypothesized to reduce associated expression of the key
pro-angiogenic factor, vascular endothelial growth factor, and consequently limit

choroidal neovascular membrane formation and the accompanying vasopermeability.

1.13 Study aims

1. Establish a laser-induced CNV model in rat eye

2. Ascertain the safety profile of PBM-laser treatment in the rat eye

3. Ascertain the effects of PBM-laser treatment on the outcomes of this laser-induced
CNV model

4. Ascertain if these effects involve inflammatory and/or angiogenic pathways in the eye
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Materials and Methods
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2.1 Animal ethics and handling

Permission to use animals was obtained from the Central Adelaide Local Health Network
Animal Ethics Committee. The work undertaken conformed with both the Australian
Code of Practice for the Care and Use of Animals for Scientific Purposes, 2013, and to
the ARV O statement for the Use of Animals in Ophthalmic and Vision Research (Ethics
number: M-2017-084; M-2019-073). Female Brown Norway rats (average weight, 150
+ 100g) were utilised for all experiments described below. Pigmented rats were used as
the melanin pigment in RPE optimally absorbs laser energy in the green wavelength and
responds reliably to laser applications to the eye 34, Animals were obtained from the
University of Adelaide, Adelaide, South Australia. They were housed in temperature- and
humidity-regulated rooms with 12 hour light and 12 hour dark cycles. Food and water
were provided ad libitum. Prior to procedures, animals underwent general anaesthesia
with an intraperitoneal injection of a mixture of 100mg/kg Ketamine and 10mg/kg
Xylazine at 0.4-0.6mL/100g of body weight. At the conclusion of the experiment, animals
were humanely killed with transcardial perfusion of physiological (0.9%) saline under

general anaesthesia.

2.2 Induction of choroidal neovascularization with laser

Animals underwent general anaesthesia with an intraperitoneal injection of a mixture of
100mg/kg ketamine and 10mg/kg xylazine at 0.4mL/100g of body weight. Pupils were
dilated with topical application of 1% Tropicamide, and anaesthetized with topical

application of 0.4% Oxybuprocaine. Once deep anesthesia was confirmed, animals were
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then placed on a specially designed rodent holder by the researcher at the slit lamp laser
delivery system. Lubricating eye gel was applied to prevent the dehydration of the cornea
during laser treatment. A glass slide was used as a surrogate contact lens to focus the light
beam onto the retina. A frequency-doubled neodymium: yttrium-aluminium-garnet (fd
Nd:YAG) laser with 532-nm wavelength was used to place 4 laser spots at approximately
the 12 o’clock, 3 o’clock, 6 o’clock and 9 o’clock positions between each main retinal
vessel, approximately 1-2 disc diameters from the optic disc. Laser setting B (100 ms
pulse duration, 100 um spot size, 100 mW power) was utilised for all PBM laser
experiments. Breakage of Bruch’s membrane was confirmed by bubble formation with
or without choroidal haemorrhage and used as an end point for treatment. Lesions with
severe haemorrhage or without bubble formation were excluded from further study. This

methodology was modified from a protocol outlined by Lambert et al 4%,

2.3 Fundus fluorescein angiography

Animals underwent general anaesthesia with an intraperitoneal injection of a mixture of
100mg/kg Ketamine and 10mg/kg Xylazine at 0.5mL/100g of body weight. Pupils were
dilated with topical application of 1% w/v Tropicamide, and anaesthetized with topical
application of 0.4% w/v Oxybuprocaine. Lubricating eye gel was applied to prevent
dehydration of the cornea during imaging. A fundus laser contact lens was used to focus
the light beam onto the retina. The retinal fundi of rats were viewed and photographed
with a Spectralis HRA+OCT device (Heidelberg Engineering, Heidelberg, Germany). All
images were collected by using the specialty Spectralis HRA+OCT software. Following

an intraperitoneal injection of 0.5 mL 10% Fluorescein Sodium (Alcon Laboratories, Inc.,
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Fort Worth, TX), fundus fluorescein angiographs (FFA) were viewed and captured with
a green filter attached to the Spectralis HRA+OCT camera at 5 minutely intervals for 20
minutes post fluorescein injection. Images were exported as tagged image files (.tif).
Lesions were scored on a grade scale based on the spatial and temporal evolution of
fluorescein leakage on FFA following a documented standard as described previously by
Liu et al #%°: (0) no leakage, faint hyperfluorescence, or speckled fluorescence without
leakage; (1) questionable leakage, hyperfluorescent lesion without advancing increase in
size or intensity; (2) leaky, hyperfluorescence increasing in intensity but not significantly
in size without definite leakage; (3) pathologically significant leakage, hyperfluorescence
increasing in intensity and in size with definite leakage. The presence or absence of a halo
of fluorescence around perfused vessels was used to assess their permeability. During
establishment of the laser CNV model, CNV lesions were quantified as a function of area
from regions of fluorescence leakage using the thresholding function in ImageJ,
(https://imagej.nih.gov; provided in the public domain by the National Institutes of

Health, Bethesda, MD, USA), as previously described by Guthrie et al 4% (Figure 2.1).
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Figure 2.1: Area calculations of CNV lesions from digital images of late-phase FFA
using the thresholding tool in imageJ. Scale bar: 200 pum. CNV, choroidal

neovascularisation.

2.4 Spectral domain optical coherence tomography

Spectral domain optical coherence tomography (SD-OCT) is an established, non-
invasive, high-resolution, medical imaging technique utilized to measure CNV status 286
Animals were anaesthetized with an intraperitoneal injection of a mixture of 100mg/kg
Ketamine and 10mg/kg Xylazine at 0.5mL/100g of body weight. Pupils were dilated with
topical application of 1% w/v Tropicamide, and anaesthetized with topical application of
0.4% w/v Oxybuprocaine. Once anesthesia was confirmed, a series of radial B-scan SD-
OCT images were captured at the mid-peripheral 12 o’clock, 3 o’clock, 6 o’clock and 9
o’clock laser positions. The volume of the CNV was calculated by inputting the width,
length and depth measurements taken from the SD-OCT B-scan images using measuring

tool in ImageJ software into an ellipsoid volume formula, as described by Sulaiman et al
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407 (Figure 2.2)

Figure 2.2: CNV lesion volume calculation from width, length and depth
measurements taken from SD-OCT images using the measurement tool in imageJ

software. Scale bar: 200 pm.

2.5 Wholemount preparation

Animals were killed by intraperitoneal injection of a mixture of 100mg/kg Ketamine and
10mg/kg Xylazine at 1mL/100g of body weight, followed by transcardial perfusion with
0.9% saline. The eyes were immediately enucleated, and the globes with optic nerve
attached were then carefully dissected (Figure 2.3a). The superior aspect of the
conjunctiva was marked with a dye for the purpose of orientation to facilitate direct

comparison of each lesion between SD-OCT (in vivo), FFA (in vivo) and wholemount
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(WM)(ex vivo). Eyes were subsequently fixed by immersion in 30mL of 10% buffered
formalin at room temperature (10% v/v from formalin 40% w/v pH 7 £ 0.2 at 25°C). After
6 hours the eyes were washed in PBS. Eyes were then bisected equatorially, and optic
nerve cut way at the papilla, and the anterior halves and vitreous discarded (Figure 2.3Db).
4-8 incisions were made into each of the posterior eyecups (Figure 2.3c). The retina of
each eye was carefully pealed from the underlying retinal pigment epithelium (Figure
2.6d). RPE WM (Figure 2.3e) and retinal WM (Figure 2.3f) were then prepared for

immunohistochemistry.

RPE WM were washed in phosphate buffered saline (PBS). Following washing with PBS,
WM were incubated in 1% (v/v) Triton in PBS (PBS-T) for 1 hour at room temperature
to make cell membranes permeable and subsequently blocked for 1 hour at room
temperature in horse serum dilution buffer (NHS-T), 3% (v/v) normal horse serum, 1%
(v/v) Triton in PBS. Isolectin-B4 (1B4) is a protein isolated from the seed of the African
legume, Griffonia simplicifolia. It is known to bind to endothelial cells, and as such was
utilised in this study as an endothelial cell marker to identify neovascular membranes 4°8,
IB4 (1:100 dilution, Sigma-Aldrich, St Louis, MO, USA) was applied for 24 hours at
4°C. WM were counterstained with IBA-1 (1:4000, Novus Biologicals, CO, USA) as a
marker of pro-inflammatory microglial cell infiltration. WM were washed in PBST 1%
at room temperature for 1 hour and incubated for 3 hours at room temperature in
AlexaFluor-488 and AlexaFluor-594 conjugated secondary antibodies (1:250; Invitrogen,
Carlsbad, CA) in NHS-T. WM were washed in PBST at room temperature for 1 hour and
incubated for 5 minutes at room temperature in 4’, 6’-Diamidino-2-phenylindole (DAPI)

(1:2000 dilution in PBST; Sigma-Aldrich, Castle Hill, NSW, Australia). Omission of
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primary antibody constituted control immunolabelling. WM were washed in PBS at room
temperature for 5 minutes, mounted on a slide with antifade medium (Dako Australia Pty
Ltd, Victoria, Australia) and a cover slip. Slides were allowed to seal for 24 hours before
being visualised under fluorescent microscope and images digitally captured using a
ColourView camera on an Olympus BX61 fluorescent microscope at 10x magnification
(Olympus Australia Pty Ltd, Victoria, Australia). Retinal WM were washed in PBS.
Following washing with PBS, WM were incubated in 1% (v/v) PBS-T for 1 hour at room
temperature to make cell membranes permeable and blocked for 1 hour at room
temperature in 3% (v/v) NHS-T. Nestin (1:50 dilution, DHSB, lowa, IA, USA) was
applied for 48 hours at 4°C. Retinal WM were counterstained with IBA-1 (1:4000, Novus
Biologicals, CO, USA) as a marker of pro-inflammatory microglial cell infiltration. WM
were washed in 1% (v/v) PBST at room temperature for 1 hour and incubated for 24 hours
at 4°C in AlexaFluor-488 and AlexaFluor-594 conjugated secondary antibodies (1:500;
Invitrogen, Carlsbad, CA) in NHS-T. WM were washed in PBS for 90 minutes, mounted
on a slide with antifade medium (Dako Australia Pty Ltd, Victoria, Australia) and a cover
slip. Slides were allowed to seal for 24 hours before being visualised under fluorescent
microscope and images digitally captured using a ColourView camera on an Olympus
BX61 fluorescent microscope at 10x magnification (Olympus Australia Pty Ltd, Victoria,
Australia). CNV lesions were quantified as a function of area from regions of
fluorescence using the thresholding function in ImageJ, URL,; provided in the public
domain by the National Institutes of Health, Bethesda, MD, USA), as previously

described by Guthrie et al 4% (Figure 2.4).

54



A B c

hYd

D E F

Figure 2.3: Schematic depicting the procedure for preparing rat retinal and RPE
WM. Under a dissection microscope the eyes, (A), were bisected equatorially and
optic nerve cut away at the papilla, (B), and the vitreous and anterior segments of
the eye including the cornea, iris and lens were discarded, and 4 radial incisions
were made into each of the posterior eyecups, (C). The retina of each eye was
carefully pealed from the underlying RPE, (D), leaving the posterior eyecup, with a
further 4 radial incisions made, (E), and the retina, (F). The RPE and retinal WM
were then processed for immunohistochemistry. RPE, retinal pigment epithelium.

WM: wholemount.
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Figure 2.4: Area calculations of CNV lesions from images taken of
immunofluorescent WM treated with Alexa-488 for 1B4 using colour thresholding
tool in imageJ. Scale bar: 100 um. CNV, choroidal neovascularisation. WM:

wholemount.

2.6 Photobiomodulation laser system and experimental procedure

The PBM laser device used in the present study was mounted on a slit-lamp with a similar
arrangement to current lasers utilised in ophthalmic clinics (Figure 2.5a). The system
comprised a slit-lamp (Ellex Medical Lasers, Adelaide, South Australia, Australia) with
an in-build laser that emits a 670 nm laser. The beam was 4.5 mm in diameter with a flat-
top profile. Depending on the treatment group, the power setting was adjusted according
to a reference table created by Ellex Medical Lasers that took into consideration the
animal’s maximum dilated pupil size to produce the intended irradiance at the retina. A
nose cone was used to deliver inhaled Isoflurane to the animals, which were then placed
on a specially designed rodent holder by the researcher at the slit lamp laser delivery
system. Pupils were dilated with 1% w/v Tropicamide, and anaesthetized with topical

application of 0.4% w/v Oxybuprocaine. Once anesthesia was confirmed, the retina was
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visualized, and then exposed to laser delivered photobiomodulation (PBM) or to sham
treatment for ninety seconds (Figure 2.5b). The high-dose photobiomodulation (HPBM)
laser group received 100 mW/cm? for 90 seconds per eye, and the low-dose
photobiomodulation (LPBM) laser group received 32 mW/cm? for 90 seconds per eye.
The sham-control group received aiming beam only for 90 seconds per eye. The laser
fluence delivered with the HPBM and LPBM laser settings were equivalent to 9 J/cm?
and 2.88 J/cm?, respectively. Animals were then allowed to recover, which typically took

several minutes.

Figure 2.5: (A) Laser equipment set-up. The anaesthetised animal is placed onto a
custom-designed platform attached to a slit lamp. The irradiance dose was produced
by adjusting the power setting with reference to a setting conversion table. (B)
Confocal scanning laser ophthalmoscopy fundus photo with depicted irradiation
zone. During the laser procedure, the fundus was visualized with a microscope

coverslip lubricated with methylcellulose applied to the cornea. Scale bar: 200 pm.
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2.7 Retinal and RPE-choroid complex tissue protein extraction for enzyme-linked

immunosorbent assay

Animals were killed at 3 days following induction of CNV by laser, as this was deemed
to be optimal time frame for maximal cytokine release 87 4%, Immediately following
enucleating the right eye of each rat, the globes with optic nerve attached were then
carefully dissected (Figure 2.6a). The eyes were bisected equatorially, optic nerve cut
way at the papilla to aid separation of the retina, and the anterior halves and vitreous were
discarded (Figure 2.6b). 4 small incisions were made to relax the globe. A 5mm punch
around the optic nerve was then taken (Figure 2.6¢). The retina was carefully pealed from
the underlying retinal pigment epithelium and placed in 175uL of lysis buffer for protein
isolation (RayBio; RayBiotech, Norcross, GA, USA) (Figure 2.6d). The posterior eyecup
remained. The RPE-choroid complex was scraped from the sclera using a slit angled
ophthalmic knife and placed in 175uL of lysis buffer for protein isolation (RayBio;
RayBiotech, Norcross, GA, USA) (Figure 2.6e). The RPE-choroid complex and the retina
were sonicated in lysis buffer on ice for 15 seconds. After homogenization, the lysate was
centrifuged to remove cell/tissue debris from 5 min at 10,000 x g and the supernatant was
saved and stored at -80°C, until enzyme-linked immunosorbent assay (ELISA) was
performed. VEGF protein levels in the supernatant were determined with duplicate
measurement using a sandwich ELISA kit as per the manufacturer’s instruction (threshold
of detection 2 pg/mL; RayBio; RayBiotech, Norcross, GA, USA) that recognizes all
splice variants, at 450 nm with an absorption spectrometer, and normalized to total
protein. The procedure was as follows. All reagents and samples were brought to room

temperature before use. As per the manufacturer’s instructions, standards and samples
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were run in duplicate. Firstly, a dilution series was prepared, with VEGF standards
concentrations as follows; 200 pg/ml, 80 pg/ml, 32 pg/ml, 12.8 pg/ml, 5.12 pg/ml, 2.05
pg/ml, 0.82 pg/ml, and O pg/ml. 100 pL of each standard and sample were added to
appropriate wells in duplicates. Wells were covered and allowed to incubate for 2.5 hours
at room temperature with gentle shaking. The solutions were discarded, and wells washed
four times with 300 pL of wash buffer and finally inverted and blotted against clean paper
towel. 100 pL of biotinylated antibody was added to each well and incubated for 1 hour
at room temperature with gentle shaking. The solutions were discarded and well washed
four times with 300 pL of wash buffer and finally inverted and blotted against clean paper
towel. 100 pL of streptavidin solution was added to each well and incubated for 45
minutes at room temperature with gentle shaking. The solutions were discarded and well
washed four times with 300 pL of wash buffer and finally inverted and blotted against
clean paper towel. 100 pL of TMB substrate reagent was added to each well and incubated
for 30 minutes at room temperature in the dark with gentle shaking. Finally, 50 pL of stop
solution was added to each well and plate absorbance immediately read at 450 nm with
an absorbance spectrometer. Duplicate measurements were performed. A bicinchroninic
acid protein assay (BCA) was performed as per the manufacturer’s instructions to
determine protein quantity in each sample (Sigma-Aldrich, St Louis, MO, USA). This

was utilized to standardize samples for pg/mg of protein following the ELISA assay.
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Figure 2.6: Schematic depicting the procedure for extracting rat retinal and RPE-
choroid tissue for ELISA. Under a dissection microscope the eyes, (A), were bisected
equatorially and optic nerve cut away at the papilla to aid separation of the retina,
and the vitreous and anterior segments of the eye including the cornea, iris and lens
were discarded, leaving the posterior eyecups, (B). A 5 mm punch was made around
the optic nerve to produce a punch biopsy (C). The retina of each punch biopsy was
carefully pealed from the underlying RPE, (D), and placed in an Eppendorf tube for
protein extraction, and the exposed RPE-choroid of each punch biopsy was
scrapped from the sclera, (E), and placed in a separate Eppendorf tube for protein
extraction. The retinal and RPE-choroid tissue lysates were then processed using a
sandwich ELISA for Rat VEGF as per the manufacturer’s instructions and protein
guantified on a colorimetric scale, which was expressed as pg of VEGF protein per
mg of retinal tissue. RPE; retinal pigment epithelium. ELISA; enzyme-linked

immunosorbent assay.
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2.8 Retinal cross-sections

Eyes were fixed, processed, embedded, and sectioned in paraffin for histologic and
immunohistochemical analysis as per a previously described method %, The left eye of
each animal was enucleated and marked on the superior aspect with ink for future
orientation. The eyes were then immersion-fixed in Davidsons solution (2-parts
formaldehyde (37%), 3-parts 100% ethanol, 1-part glacial acetic acid, and 3-parts
distilled water) for 24 hours. Eyes were then immersed in 70% ethanol until tissue
processing. At the time of tissue processing eyes were immersed in 70% ethanol for 60
minutes, followed by 100% ethanol 3 times for 60 minutes each, then in 100% xylene
twice for 60 minutes each, then in 50% xylene/50% wax for 60 minutes at 62°C, and
finally in wax twice for 60 minutes each at 62°C. Globes were subsequently embed
sagittally and 4-um sections were cut using a rotary microtome. Sections were captured
on SuperFrost Ultra Plus slides. Slides were stored at room temperature in the dark until
immunohistochemical processing. In preparation for immunohistochemical analysis,
sections were deparaffinized by heating at 70°C for 15 minutes, followed by immersion
in xylene 2 times for 5 minutes. Sections were then rinsed in 100% ethanol, and immersed
in 0.5% (v/v) H202in absolute methanol for 20 minutes to block endogenous peroxidase
activity before being washed in PBS. For antigen-retrieval, sections were microwaved for
10 minutes at 95-100°C in 10mM citrate buffer (pH 6.0), or in the case of immunostaining
for bFGF, 1 mM EDTA buffer (pH 8.0). Following antigen retrieval, tissue sections were
then blocked in PBS containing 3% (v/v) normal horse serum (NHS) for 30 minutes and
then incubated with primary antibody in PBS containing 3% (v/v) NHS for 24 hours at

room temperature (Table 2.1). Omission of primary antibody constituted control
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immunolabelling (Figure 2.7). Tissue sections, with the exception of sections
immunostained for 1B4, were subsequently washed and incubated in streptavidin-
peroxidase conjugate secondary antibody 1:250 for 1 hour at room temperature and given
colour through incubation with a DAB substrate kit for 3-5 minutes. All tissue sections
were counterstained with hemotoxylin (purple) for visualisation of cell nuclei. Stained
transverse tissue sections were visualised under and photomicrographs captured under a
light microscope (BX-51; Olympus, Mount Waverly, VIC, Australia). All images

presented in this thesis were captured within two disc-diameters of the optic nerve head.

Control CNV CNV
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Figure 2.7: Representative image of primary antibody control for
immunohistochemistry on retinal paraffin cross-sections from control eye and CNV
eyes. CNV membranes are highlighted by a yellow asterisk in the present and all
subsequent cross section figures. Scale bar: 100 pum. CNV: choroidal

neovascularization.
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Target Host Clone/Cat No. Dilution Source

FGF-2/bFGF  Mouse bFM-2 1:1,000* Millipore, NSW, AUS

CNTF Goat AD 557-NA 1:1,000* R&D Systems, Abingdon, UK

CD3 Rabbit A0452 1:2,000* Dako, NSW, AUS

HSP32/HO-1  Rabbit SPA-895 1:2,000* Enzo life sciences, NY, USA

IBA-1 Rabbit 019-19741 1:4,000% Novus, CO, USA

PCNA Mouse PC10 1: 20,000* Dako, NSW, AUS

GS Mouse 610517 1:10,000* Transduction laboratories,

RPE65 Mouse SC-53489 1:2,000* Santa Cruz Biotechnology,
Texas, USA

MPO Rabbit A 0398 1:45,000* Dako, NSW, AUS

B4 Biotinylated L2140-1 MG 1:100% 1:300*% Sigma-Aldrich, MO, USA

Nestin Rat AB 2235915 1: 1007 DSHB, IA, USA

Table 2.1: Antibodies used for immunofluorescence staining of retinal and RPE
wholemount (}), and immunoperoxidase staining of paraffin cross-sections (*) in

this study.

2.9 Mitochondrial energy metabolism

Superoxide is a ROS that is produced as a by-product of incomplete oxidation of oxygen
during mitochondrial respiration. The MitoSOX Red live cell assay is a well-established
method of ascertaining mitochondrial superoxide generation based on relative
fluorescence emission at 580 nm of DNA-bound mito-hydroethidiuin when specifically
oxidised by superoxide. The assay was used as a measure of mitochondrial oxygen
metabolism in retinal-RPE and RPE-only WM. This assay is particularly useful in the
retina, due to the mitochondrial density of this highly metabolically active tissue. Tissue
preparation was as follows. Rats were humanely killed by transcardial perfusion with
0.9% saline under general anaesthesia and the eyes were enucleated and dissected into
posterior eyecups. The neurosensory retina of each eye was either left in place or carefully

detached from the underlying retinal pigment epithelium (RPE) yielding ‘retina-RPE’, or
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‘RPE-only’ WM. These were then placed on an upturned small petri-dish lid on a 0.4
micrometer pore-size nitrocellulose filter paper (13 mm diameter) in a drop of Hank's
Balanced Salt Solution (HBSS). One leaf was then treated with 100 mW/cm?PBM for 90
seconds. WM were then bathed in MEM medium (1% v/v penicillin/streptomycin, 5mM
glucose, no FBS) for 45 minutes. WM were incubated for 15 minutes in MitoSOX Red
dye and live-cell nuclear binding dye Hoechst 33342 at a final concentration of 5 microM,
and 1 microgram/ml, respectively. WM were again washed with MEM medium and
mounted on a slide and coverslipped. WM were examined under a fluorescence
microscope (BX-61; Olympus, Mount Waverly, Australia) equipped with a scientific

grade, cooled CCD camera at 20x magnification.
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Chapter 3:
Establishing a rat model of laser-induced choroidal

neovascularization
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3.1 Introduction

It is widely accepted that nAMD results from an intimate relationship between chronic
tissue hypoxia, low-grade inflammation and activation of the complement cascade. This
induces a stress response in the RPE and retinal glia 145148, This consequently leads to
down-regulation of endogenous anti-angiogenic peptides, and upregulation of pro-
angiogenic peptides, which creates a pro-angiogenic environment, contributing to the
development and progression of CNV in nAMD 6118 For a long time there was a
prevailing belief that retinal photocoagulation was effective in treating proliferative eye
disease by eliminating photoreceptors, and consequently reducing the associated oxygen
demand, and thus reducing hypoxia-driven retinal oedema and neovascularisation 32,
However, it was observed that laser photocoagulation in the treatment of DME, sickle
cell disease and proliferative diabetic retinopathy was associated with upregulation of
pro-angiogenic factors in susceptible subjects 1%, The general consensus is that there is
an increased frequency of CNV in eyes treated with laser photocoagulation secondary to
injury to Bruch’s membrane and the disruption of the retinal-RPE-choroid complex,
which encourages the growth of new choroidal vessels into the sub-RPE and sub-retinal

space, mimicking CNV membranes observed in clinical NAMD 338-340, 392,410,

Extrapolating from this observation, Ryan et al established a laser CNV model in primates
389 This was subsequently adapted and modified to rodent models, and is now widely
accepted as a reliable and reproducible animal model for CNV 3%-392. 405 Rypture of
Bruch’s membrane is the fundamental clinical end point for laser CNV induction. From

the literature, investigators have utilised a broad range of laser energy settings to induce

66



Bruch’s membrane rupture to successfully induce CNV. It appears that a minimum laser
power of 60 mW is required to successfully rupture Bruch’s membrane #**. However,
with energy setting greater than 130 mW, there are increased incidences of choroidal
haemorrhage, which is undesirable. This model mimics the complex pathogenic
mechanisms involved in clinical NnAMD. It appears that an inflammatory milieu is
propagated following laser induction, with upregulation of inflammatory cytokines,
retinal glial cell activation, macrophage infiltration, and activation of the complement
cascade and resultant formation of membrane attack complexes 187 392, 3%, 400, 404, 412
These features are interactive and perpetuate further inflammation and are associated with
upregulation of pro-angiogenic factors; VEGF is one of the most pertinent and of
particular interest in the study of treatments for nAMD 187 208, 402, 404 " Thjs factor
ultimately triggers CNV formation in laser-induced CNV models 21°. Further to this,
when measures are taken to inhibit this inflammatory processes, CNV regression occurs
187,208,392 |t is understood that the inflammatory cascade induced by laser rupture of
Bruch’s membrane is initiated as early as 1 day after photocoagulation and peaks at 3
days after photocoagulation, returning to baseline levels after 7 days 7. However, it
appears that VEGF expression appears to remains upregulated for at least 30 days after
CNV induction, although it begins to trend downwards after 18 days 186 192407, 419 |t jg
well described in the literature, that CNV lesions peak at 7 days, and begin to regress
from 14-21 days, in parallel with the natural history of tissue inflammation and VEGF
expression 39.400,404 By 14 days CNV membranes are mature and VEGF levels begin
to decline, with ongoing exudative retinal detachment but the RPE layer is re-established.
For this reason, from the literature, it is common for investigators to select 14 days as the

experimental end point in the laser-induced CNV model %2, There are a variety of animal
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models of CNV 392 411 This particular laser-induced rodent model of CNV described by
Lambert et al %%, upon which this study was modelled after, is a validated model to use
to screen potential NAMD therapies. The laser-induced CNV model was considered ideal
for the purposes of this thesis as it is a technically reproducible method and encompasses
the key pathogenic features of clinical NAMD; Bruch’s membrane disruption, elevated
VEGF expression, and propagation of inflammation. Due to the variability in laser
settings utilised for CNV induction in the literature, it was deemed prudent to initially
characterise the laser settings to optimise this model for application of the experimental

PBM laser.

3.2 Study aims

The primary aim of this study was to establish a laser-induced CNV model in rat. The
secondary aim was to determine the reliability of FFA, SD-OCT and WM fluorescence

immunohistochemistry as quantitative measures of CNV size and permeability.

3.3 Study design

Animals were randomized during the experiments. Animals received 4 distinct laser spots
to each eye 1-2 disc diameters from the optic nerve head with either laser setting A, B, or
C. The following laser settings were utilised:

A. 100 ms pulse duration, 50 um spot size, 200 mW power
B. 100 ms pulse duration, 100 um spot size, 100 mW power

C. 100 ms pulse duration, 100 pum spot size, 200 mW power
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CNV membranes were imaged with fundus fluorescein angiography (FFA) and spectral
domain optical coherence tomography (SD-OCT) at 7 days (n = 36 spots per laser
setting), 14 days (n = 20 spots per laser setting), and 18 days (n = 14 spots per laser
setting). Some animals were imaged at multiple time-points. 24 hours after the final FFA
and SD-OCT analysis, animals were humanely killed at either 8 days (n = 5 animals per
laser setting), 15 days (n = 20 animals per laser setting) or 18 days (n = 15 animals per
laser setting) after CNV induction, and eyes enucleated and processed for WM tissue
analysis (Figure 3.1). Rupture of Bruch’s membrane, evidenced by formation of a
vaporisation bubble, was considered a ‘successful’ laser spot. Each laser spot was treated
as n =1 for all analyses of FFA, SD-OCT, and WM data. Results were confirmed by a
second investigator blinded to group allocation during the outcome analyses. A
contingency analysis on qualitative data was conducted utilizing Chi-Square Test of
Independence. Variance in quantitative data was analyzed utilizing F-test of equality of

variance. Statistical significance was set at the 0.05 level.

Day Day Day Day Day Day Day
0 +7 +8 +14 +15 +18 +19
CNV FFA Tissue FFA Tissue FFA Tissue
induction + collection it collection + collection
OCT OCT OCT

Figure 3.1: Pictorial timeline of CNV membrane analyses following laser induction.
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3.4 Results

Laser induction of choroidal neovascularization

Rupture of Bruch’s membrane, evidenced by formation of a vaporisation bubble, is
considered the clinical end point for laser CNV induction. Of the three laser settings, laser
setting A was more frequently associated with undesirable choroidal haemorrhage. This
frequency did not reach statistical significance (p = 0.29; Figure 3.2). Furthermore, there
was no statistically significant difference in the frequency of successful Bruch’s

membrane rupture between the laser settings (p = 0.53; Figure 3.2).

This reference standard was then utilised to scrutinise whether successful bubble
formation translated in practice to a measurable CNV lesion on FFA, SD-OCT and WM
analysis. When this comparison was performed utilising Chi-Square Test of
Independence, no statistically significant difference was found between the reference

standard and FFA (p = 0.77), SD-OCT (p = 0.053), or WM (p = 0.62; Figure 3.3).

To determine the reliability of FFA, WM and SD-OCT for identifying CNV membranes,
sensitivity, specificity, positive predictive value (PPV), and negative predictive value
(NPV) analyses were conducted on the available data, defining bubble formation as the
reference standard. There was no statistically significant difference in the sensitivity (p =
0.14) and specificity (p = 0.69) of these three modalities. FFA has 97.5% sensitivity and
70.0% specificity, WM has 92.9% sensitivity and 72.4% specificity, and SD-OCT has

95.1% sensitivity and 74.1% specificity for identifying CNV membranes. When
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considering the practical utility for these three modalities, it was noted that no statistically
significant difference in positive predictive value existed between the modalities (p =
0.14), which were of high quality; FFA has 97.5% positive predictive value, WM has
94.8% positive predictive value, and SD-OCT has 95.1% positive predictive value for
identifying CNV membranes. However, there was a statistically significant difference in
the negative predictive value between modalities when Chi-Square Test of Independence
was applied with Bonferroni Correction (p = 0.017). Both FFA and SD-OCT have
reasonable negative predictive value for identifying CNV membranes, achieving 80.8%
for FFA and 74.1% for SD-OCT (p = 0.06). However, WM has a poor negative predictive
value of 65.6%, and this reached statistical significance when compared to FFA (p =

0.001) and SD-OCT analyses (p = 0.03; Figure 3.4).

LA LB LC
[ 82.2% Bubble [] 84.2% Bubble [J 90.2% Bubble
3 10.9% Bleed [ 3.5% Bleed [ 4.9% Bleed
Bl 6.9% Burn B 3.5% Burn Bl 49% Burn

Figure 3.2: Pie chart depicting proportion of 532 nm CW Nd:YAG laser spots that
resulted in Bruch’s membrane rupture, choroidal haemorrhage or burn in rat eyes
with laser setting LA (n = 73), LB (n = 61), and LC (n = 41). No statistically
significant difference in outcomes between laser settings (p > 0.05), by Chi-Square
Test of Independence. LA: laser set at 100 ms, 50 um, and 200 mW. LB: laser set at

100 ms, 100 um, 100 mW. LC: laser set at 100 ms, 100 um, 200 mW. Scale bar: 1000

um. CW: continuous wave.
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[ 87.7% Successful [ 92.3% Successful [ 87.8% Successful

Bl 12.3% Unsuccessful Bl 7.7% Unsuccessful B 12.2% Unsuccessful
A
LA LB LC
[ 853% Successful [ 95.7% Successful [ 80.5% Successful
Bl 14.7% Unsuccessful Bl 43% Unsuccessful Bl 195% Unsuccessful
B
LA LB LC
[ 83.5% Successful [ 84.6% Successful [ 90.2% Successful
Bl 165% Unsuccessful Bl 15.4% Unsuccessful Bl 98% Unsuccessful

Figure 3.3: (A) Pie chart depicting proportion of 532 nm CW Nd:YAG laser spots
that resulted in CNV membrane formation as determined from FFA for laser setting
LA (n=73), LB (n=57),and LC (n = 41). (B) Pie chart depicting proportion of 532
nm CW Nd:YAG laser spots that resulted in CNV membrane formation as
determined from SD-OCT B-scan for laser setting LA (n =73), LB (n =57),and LC
(n=41). (C) Pie chart depicting proportion of 532 nm CW Nd:YAG laser spots that
resulted in CNV membrane formation as determined from WM analysis via
immunohistochemistry with vascular endothelial cell marker 1B4 for laser setting
LA (n=73), LB (n=57), and LC (n = 41). No statistically significant difference (p >
0.05) by Chi-Square Test of Independence. LA: Laser set at 100 ms, 50 um, and 200
mW. LB: Laser set at 100 ms, 100 um, 100 mW. LC: Laser set at 100 ms, 100 um,
200 mW. CW: continuous wave. FFA: fundus fluorescein angiography. SD-OCT:
Spectral-Domain Optical Coherence Tomography. WM: wholemount. 1B4:

isolectin-B4.
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Figure 3.4: (A) Bar graph depicting sensitivity, specificity, PPV and NPV of FFA,
SD-OCT, and WM analysis for detecting CNV membranes. Analyses conducted on
pooled data from LA, LB, LC (n = 171). * Statistically significant difference (p <
0.05) by Chi-Square Test of Independence with Bonferroni correction, and post-hoc
Fisher’s Exact Correlational Test. ** Statistically significant difference (p < 0.01),
by Chi-Square Test of Independence with Bonferroni correction, and post-hoc
Fisher’s Exact Correlational Test. FFA: fundus fluorescein angiography. SD-OCT:
Spectral-Domain Optical Coherence Tomography. WM: wholemount. PPV:

positive predictive value. NPV: negative predictive value/

The natural history of choroidal neovascular membranes varied between laser

settings on late-phase fundus fluorescein angiography

An intact blood-retinal barrier is impermeable to fluorescein. Thus, the presence or
absence of a halo of fluorescein around perfused vessels was utilised to assess the
permeability of CNV lesions. Lesions were scored on a grade scale based on the spatial
and temporal evolution of fluorescein leakage following a documented standard as
described previously by Liu et al 4%: (0) no leakage, faint hyperfluorescence, or speckled

fluorescence without leakage; (1) questionable leakage, hyperfluorescent lesion without
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advancing increase in size or intensity; (2) leaky, hyperfluorescence increasing in
intensity but not significantly in size without definite leakage; (3) pathologically
significant leakage, hyperfluorescence increasing in intensity and in size with definite

leakage.

The temporal evolution of the CNV membrane hyperfluorescence and leakage was
pronounced at day 7 for all three laser settings, and remained stable at 14 days for CNV
lesions induced by laser settings B and C. However, the CNV membranes induced by
laser setting A appear to regress by 14 days with minimal hyperfluorescence and
fluorescein leakage, which remained stable at 18 days. CNV membranes induced by laser
setting B and C had persistent hyperfluorescence and leakage even at 18 days (Figure
3.5). CNV membrane size was objective quantified from hyperfluorescent regions on
late-phase FFA images using the thresholding tool on imageJ software. An F-test was
applied to the data. Laser settings A and C showed no statistically significant variance in
CNV membrane size at 7 days 14 days, and 18 days (p >0.05). However, laser setting B
was associated with significantly less variance in CNV membrane size when compared
to laser settings A at 7 days (p = 0.0008) and 18 days (p = 0.00007). This was also the
case for laser B and C at 7 days (p = 0.00002) and 18 days (p = 0.00009). There was no
statistically significant difference (p >0.05) in the variance of CNV lesions size between

the three laser settings at 14 days (Figure 3.5).
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Figure 3.5: (A) Representative images of timelapse FFAs at 7 days after laser

induction of CNV with 532 nm CW Nd:YAG laser. (B) Representative images of
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timelapse FFAs at 14 days after laser induction of CNV with 532 nm CW Nd:YAG
laser. (C) Representative images of timelapse FFA at 18 days after laser induction
of CNV with 532 nm CW Nd:YAG laser. Scale bar: 1000 um. (D) Box plots depicting
distribution of CNV membrane area measured from fluorescein leakage on late-
phase FFA images at 7 days (LA (n =27), LB (n =23), LC (n = 30)); 14 days (LA (n
=19), LB (n = 31), LC (n = 20)); and 18 days (LA (n = 13), LB (n = 12), LC (n = 12))
after laser induction of CNV with 532 nm CW Nd:YAG laser. **Statistically
significant difference (p < 0.01) when applied to F test of variance. LA: laser set at
100 ms, 50 um, and 200 mW. LB: laser set at 100 ms, 100 um, 100 mW. LC: laser
set at 100 ms, 100 um, 200 mW. FFA: fundus fluorescein angiography. CNV:

choroidal neovascularization. CW: continuous wave.

The natural history of choroidal neovascular membranes did not vary between laser

settings on spectral-domain optical coherence tomography

On spectral-domain optical coherence tomography (SD-OCT) B-scan, CNV membranes
appear as ellipsoid densities arising from the choroid into the subretinal space (Figure
3.5A). CNV membrane volumes were measured using SD-OCT B-scans and expressed
as a function of volume in um?, as previously described by Sulaiman et al *°”. Applying
a F-test to the data, there was no statistically significant difference in the variance in SD-
OCT membrane volume data between the three laser settings, at all measured time points

(p >0.05; Figure 3.5B).

76



LC R -

B 6-
2 LA
T 3 LB
g"- O Lc
-
2 27
B
z
Q
0 1 1 1

7 14 18
Days post laser induction

Figure 3.5: (A) Representative SD-OCT B-scans of CNV lesions at 7 days, 14 days,
or 18 days after laser induction with 532 nm Nd:YAG CW laser. CNV lesions are
characterised by ellipsoid mass emerging from the RPE-choroid complex. Scale bar:
200 pm. (B) Box plots depicting distribution of CNV membrane volume as
determined from inputting width, length and depth measurements into an ellipsoid
volume formula taken from retinal SD-OCT B-scans captured at 7 days (LA (n =
27), LB (n = 23), LC (n = 30)); 14 days (LA (n = 19), LB (n = 31), LC (n = 20)); and
18 days (LA (n = 13), LB (n = 12), LC (n = 12)) following laser induction. No
statistically significant difference (p > 0.05) exists between laser settings when

applied to F test of variance. LA: laser set at 100 ms, 50 um, and 200 m\W. LB: laser
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set at 100 ms, 100 um, 100 mW. LC: laser set at 100 ms, 100 um, 200 mW. SD-OCT:
Spectral-Domain  Optical  Coherence  Tomograph.  CNV:  choroidal

neovascularization. CW: continuous wave.

The natural history of choroidal neovascular membranes varied between laser

settings on wholemount immunohistochemistry

IB4 selectively binds to endothelial cells and was used to immunolabel CNV membranes
in RPE WM to allow quantification of CNV membranes area (Figure 3.6A). The size of
the CNV membranes was then measured using the colour thresholding tool in ImageJ
software on images taken of IB4 immunostained WM, and expressed as a function of area
in um?. The variance in CNV membrane area with each laser setting was then calculated
utilising F test. Laser setting C was associated with significantly greater variance in CNV
membrane size as compared to laser setting B at 7 days (p = 0.01), and 18 days (p =
0.002), and as compared to laser setting A at 18 days (p = 0.036). There was no significant
difference in the variance of data between the three laser settings at 14 days after induction

with laser (p > 0.05; Figure 3.6B).
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Figure 3.6: (A) Expression of endothelial cell marker I1B4, in rat RPE WM, as shown
by green fluorescence, at 7, 14 and 18 days following laser-induction of CNV with
532 nm CW Nd:YAG laser. Scale bar: 200 pm. (B) Box plots depicting distribution
of CNV membrane area, as measured by expression of 1B4 within RPE WM.
*Statistically significant difference (p < 0.05) when applied to F test of variance.

**Statistically significant difference (p < 0.01) when applied to F test of variance.
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LA: Laser set at 100 ms, 50 um, and 200 mW. LB: Laser set at 100 ms, 100 um, 100
mW. LC: Laser set at 100 ms, 100 um, 200 m\W. Scale bar: 200 pm. IB4: Isolectin-
B4. WM: wholemount. RPE; retinal pigment epithelium. CNV: choroidal

neovascularization. CW: continuous wave.

An inflammatory cell response was associated with choroidal neovascular

membranes on wholemount immunohistochemistry

lonized calcium binding adaptor molecule 1 (IBA-1) is expressed by macrophage-lineage
cells, and thus can be used as a microglial and macrophage marker; it is expressed in
resting cells and is upregulated when these cells are activated. In RPE WM, double
labelling immunofluorescence was employed to identify macrophage-lineage cells at the
site of CNV lesions. Specifically, IB4 was utilised to identify CNV membranes, while
IBA-1 demarcated microglia/macrophages. An inflammatory cell response in retinal
microglia and macrophage-lineage cells was noted on RPE WM, as evidence by IBA-1+
cells. This aggregation of macrophage-lineage cells was localised to the site of the CNV
membranes, as determined by colocalization of IBA-1+ macrophage-lineage cells to the
site of IB4-marked CNV membranes (Figure 3.7). This was important to highlight as
inflammation is a key pathogenic mechanism for CNV formation in this model and in

clinical NnAMD, and one of the potential pathways targeted in this study.
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Figure 3.7: Expression of macrophage-lineage marker IBA-1 (red) co-localisation
with 1B4 immunostaining (green) in rat RPE WM, at 7, 14 and 18 days following
laser-induction of CNV with 532 nm CW Nd:YAG laser. Scale bar: 200 pm. IB4:
Isolectin-B4. IBA-1; ionized calcium-binding adapter molecule 1. RPE; retinal
pigment epithelium. WM: wholemount. CNV: choroidal neovascularization. CW:

continuous wave.

3.5 Discussion

The laser-induced CNV model is a well-established and reliable model for therapeutic
applications that mimics many of the pathogenic pathways involved in clinical nAMD
187, 396, 400, 404

. Rupture of Bruch’s membrane is considered an important clinical end point

for laser CNV induction 32 4%, There was a learning curve associated with developing the
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laser CNV model, with more consistent results occurring with refinement of the
procedure. It was noted that adequate pupil dilation, a clear cornea and vitreous medium,
as well as careful focusing onto the nerve fibre layer was imperative for successful
Bruch’s membrane rupture. If these conditions were not met, failure to rupture Bruch’s
membrane would quite predictably occur, with a resultant burn occurring instead, and
failure of CNV induction. As previously established by Lui 4%, on fluorescein
angiography, CNV is defined as being present if there is early hyperfluorescence with
late leakage at the site of the induced laser injury. For this reason, lesions that showed no
leakage were excluded from analysis. There was a clear correlation between Bruch’s
membrane rupture and successful CNV membrane induction in our laser model, as
evidenced from the FFA, WM and SD-OCT analyses, with no statistically significant
difference in successful CNV membrane induction between the laser settings. The rate of
successful CNV induction was higher than that quoted in the literature 1. Dobi et al
described that often a small haemorrhage was associated with Bruch’s membrane rupture
and did not negatively impact on CNV development, whilst, a large haemorrhage that
obscured the view of the fundus was an unwanted adverse event, which precluded further
analysis of the affected eye 3%°. Certainly laser setting A, which has the highest energy
per cm? of the three laser settings, was more frequently associated with unwanted
choroidal haemorrhage with laser induction, an observation seen with use of energy laser

settings greater than 130 mW 41,

A qualitative assessment of temporal evolution of CNV membrane leakage on time-lapse

FFA, with allocation of a numerical grading from 0-3, demonstrated a general trend

towards membrane regression at 18 days. Our findings with laser settings B and C were
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in line with previous observations that CNV lesions peak at 7 days, stabilise at 14 days
and begin to regress at 18 days 39 400,404 ‘whilst laser setting A demonstrated early trend
towards regression at 14 days. The development of CNV in this model closely correlates
to reports that VEGF levels peak at 3 days but trend downwards after 18 days ¢7-4%4, The
inflammatory cascade that is triggered following laser induction is an important
mechanism as leukocyte infiltration is maximal in the first 7 days and the macroglia are
the main source of VEGF in this model *¥7. The close relationship between microglial cell
activation and CNV membranes on fluorescence immunohistochemistry of WM in this
study supports Zhao et al findings and validates the pro-inflammatory arm of VEGF
elevation underlying CNV formation in clinical and experiment CNV 44, For this reason,
PBM treatment was implemented within the early critical phase of CNV membrane

formation and the experimental end point of 14 days was selected.

Multiple quantitative measures of CNV lesions size were also done; CNV membrane
volume calculated from SD-OCT images, CNV membrane area from fluorescence in late-
phase FFA, and CNV membrane area on immunohistochemical staining of RPE WM. It
appears from comparative analysis of FFA, WM and SD-OCT, that FFA fared better
overall, however, it had poorer specificity comparatively to SD-OCT and WM %3, It is
expected that FFA will have a lower specificity, as fluorescein leakage is an indirect
measure of CNV membrane presence, and leakage can occur with Bruch’s membrane
disruption without a CNV membrane being present and inversely, a mature CNV
membrane may not leak, as previously postulated 4. Several investigators countered this
issue with the use of perfusion with high-molecular-weight fluorescein-labelled dextrans,

as was well described in mice by D’ Amato et al 4*4, and later applied in rats by Edelman
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and Castro %%, These do not leak from vessels, and allows for post-mortem imaging of
CNV lesions under fluorescence microscopy. Thus, this practice has been successfully
adopted by investigators using the laser-induced CNV model #'°. This is reflected in
clinical practice, with FFA and SD-OCT analysis used as gold standard for identifying
and monitoring of clinical NAMD, although the former will likely be superseded by OCT-
angiography, an evolving in vivo flow-based interferometric imaging modality with
resolution to the microcirculation, due to its comparative non-inferiority, speed of
analysis, and non-invasive nature 416-420, The suboptimal reliability of WM analysis in
regard to negative predictive value is influenced by a number of factors, including the
sensitivity and specificity of primary and secondary antibodies used in the analysis, and,
further, CNV membranes can be disrupted in the process of peeling the retina from the
RPE-choroid-scleral WM. SD-OCT analysis is mainly limited by image resolution 42,
The difficulty that lies with the laser-induced CNV model is that there is variability in the
tissue response between laser spots 422, Thus, in this study, the FFA, SD-OCT and
fluorescent immunohistochemical results were controlled for by identifying laser spots at
induction and linking them throughout repeat FFA and SD-OCT and finally in WM

analysis.

The natural history of the CNV lesions and the variability in the size of the CNV
membrane induced by the three different laser settings were the factor that influenced the
decision regarding the most suitable laser setting to use to induce CNV lesions in future
experiments. Statistically, it was demonstrated that laser setting B (100 ms, 100 mW, 100
pum) was associated with less variance compared to both laser setting A and C on FFA

analysis at two time points, and with less variance compared to laser setting C on WM at
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two time points. The natural history of the laser induced CNV lesions was determined by
measuring the CNV membranes at multiple time points to determine the optimal
treatment times points. It was noted that laser setting A was associated with a higher rate
of CNV formation secondary to haemorrhage, and an earlier CNV membrane regression
then the other laser settings. Thus, overall, laser setting B was considered the most

suitable laser setting for the CNV model.
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Chapter 4.
Affirming the safety profile of photobiomodulation laser in

the retina
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4.1 Introduction

Quite consistently, investigators have affirmed the safety of PBM in biological tissues
through in vitro and in vivo animal studies 362 367. 387,423,424 There have been a wide array
of treatment regimens utilized by investigators, making it difficult to ascertain the ideal
therapeutic dose. There are 8 variables that need to be reported for the PBM laser setting
to allow for reproducibility; center wavelength (nm), spectral bandwidth (nm), operating
mode frequency (Hz), pulse on off duration/duty cycle (sec/%), energy per pulse (J), peak
radiant power (mW), average radiant power (mW), polarization, aperture diameter (cm),
irradiance at aperture (mW/cm?), beam divergence (rad), beam shape, and beam profile
425 The doses must be reported in J/cm?, with duration and frequency included as the
former allows for reproducibility and the latter allows from total energy calculation 4°.
The evidence in support of PBM is largely founded on LED-based PBM therapy,
however, there is a suggestion that laser-PBM has comparable safety and efficacy 7> 38
426 aser-delivered PBM have three main advantages over LED-delivered PBM due to
the foundation principle of light amplification by stimulation emission of radiation.
Firstly, as photons are emitted at the same phase, they are coherent, secondly, they emit
monochromatic light as the wavelength of light emitted is of a narrow range, and thirdly,
the light source is well collimated making it possible to tightly aim and focus the beam
427 Previous published work in the host laboratory has demonstrated the safety profile of
the selected PBM laser fluence settings, and additionally presented evidence to suggested
a neuroprotective effect in photoreceptor degenerative disease “%. In the eye and brain,
the biological effects of PBM are believed to be mediated through upregulation of the

activity of mitochondrial respiratory chain molecule, CCO, which has pleotropic effects
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in biological tissues, up-regulating gene expression involved in cellular proliferation,
RNA synthesis and DNA repair, anti-apoptosis, membrane potential and ion-channel
activation, mitochondrial oxygen metabolism and ATP production, antioxidant
production, and immunomodulation 62 63, 346-349, 353, 357,381 ' Mych of the evidence for the
biological effects of PBM treatment in the eye have been applied to pathological cellular
processes 362-369 However, there is a general belief that PBM only targets pathological
cellular processes and otherwise does not alter physiological cellular function 367, 375426,
The confidence in the safety of PBM has led to clinical trials in the treatment of retinitis
pigmentosa, dry AMD, and DME 371-375, 388,428,429 Enquiry into how PBM laser treatment
influences the specific aspects of retinal glial cell behaviour and retinal endothelial
proliferation and permeability is an important step to better understand the role this
treatment modality has in the prevention of aberrant vascular tissue growth in neovascular

disease of the eye.

4.2 Study aim

The primary aim of this study was to determine the safety profile of two PBM-laser

settings by analysing the tissue effects of these treatment doses on healthy retinae.

4.3 Study design

For cross-section analysis, animals received treatment to both eyes with either LPBM (n

=8), HPBM (n = 8), or sham (n = 8) at 6 days, 3 days, and immediately prior to induction

of CNV by CW laser. Animals were randomized during group allocation for the
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experiment. Animals were humanely killed at 3 days following laser CNV induction.
Eyes were immediately enucleated. All left eyes were prepared for immunoperoxidase
staining of retinal tissue cross-sections (Figure 4.1). Control animals were also used for
comparative analysis. All analysis of cross-section data was performed on sections taken
through the center of the CNV membrane; each eye was treated as n = 1. The primary
investigator was not blinded to the group allocation during the outcome analyses. Results
were confirmed by a second investigator blinded to group allocation during the outcome
analyses. Quantitative immunostaining data were reported as means. Means were
compared between experimental groups using One-way ANOVA with post-hoc Tukey’s
HSD Test performed for multiple comparisons. Statistical significance was determined at

the 0.05 level.

For FFA, SD-OCT and wholemount analysis animals received treatment to both eyes
with either LPBM (n = 9), HPBM (n = 9), or sham (n = 9) every 3 days from 6 days prior
to CNV laser induction, until 12 days after laser CNV induction. Animals were
randomized during the experiments. CNV was only induced in the left eye of each animal,
whilst the right eye acted as a treatment control analysis. Animals were randomized
during group allocation for the experiment. FFA and SD-OCT analysis was conducted at
7 days and 14 days following CNV induction. Animals were humanely killed at 15 days
after CNV induction and eyes enucleated and processed for wholemount tissue analysis
24 hours after the final FFA and SD-OCT analysis (Figure 4.2). All analysis of FFA, SD-
OCT, and wholemount data was performed on pooled averages of successful laser spots
in each eye; each eye was treated as n = 1. The primary investigator was not blinded to

the group allocation during the outcome analyses. Results were confirmed by a second
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investigator blinded to group allocation during the outcome analyses. Quantitative data
are reported as means. Means were compared between experimental groups using One-
way ANOVA with post-hoc Tukey’s HSD Test performed for multiple comparisons.

Statistical significance was determined at the 0.05 level.
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Figure 4.1: Pictorial timeline of PBM experimental treatment regimen and timeline

of tissue collection for retinal tissue cross-section.
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Figure 4.2: Pictorial timeline of PBM experimental treatment regimen treatment

and CNV membrane analyses following laser induction.

4.4 Results

Photobiomodulation laser treatment does not change retinal histomorphology

Hematoxylin and eosin immunolabelling was utilized to visualise the retinal
histomorphology in control eyes treated with HPBM-laser, LPBM-laser and sham. The

retinal histomorphology was not observably different in retinas treated with either setting

90



of PBM laser when compared to sham retinas. The highly organised, laminar structure of
the retina was maintained, and the RPE layer remains intact in all treatment groups

(Figure 4.3).

HPBM LPBM Sham

Figure 4.3: Representative images of H&E immunostaining of retinal cross-sections
of eyes treated with HPBM laser, LPBM laser, and sham. Comparatively, PBM-
treated eyes have normal histomorphology. Scale bar: 100 um. H&E: hematoxylin
and eosin. HPBM: high-dose photobiomodulation. LPBM: low-dose
photobiomodulation. GCL: ganglion cell layer. INL: inner nuclear layer. ONL:

outer nuclear layer. RPE: retinal pigment epithelium. Ch: choroid.

Photobiomodulation laser treatment does not change retinal thickness

SD-OCT imaging is useful for visualising the retina in cross section in detail in vivo. This
tool was particularly useful in assessment whether any retinal phototoxicity occurs after
PBM treatment. SD-OCT B scans of retinas of PBM treated control eyes were compared
to those of retinas of sham-treated control eyes to ascertain whether PBM has any adverse
effects on the healthy retina (Figure 4.4A). A one-way ANOVA was performed to

compare the effect of PBM on retinal thickness. This revealed that there was not a
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statistically significant difference in retinal thickness between treatment groups (F = 0.14,

p = 0.87, Figure 4.4B).
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Figure 4.4: (A) Representative SD-OCT B-scans of the retina in control eyes at
completion of treatment with HPBM, LPBM, and sham. Scale bar: 200 pm. (B) Bar
graph depicting retinal thickness measured from SD-OCT B-scans captured from
control eyes at completion of treatment with HPBM laser (n = 9), LPBM laser (n =
9), and sham (n = 9). Data are presented as mean + SEM. There was no statistically
significant difference (p > 0.05) between the treatment groups, as per one-way
ANOVA. SD-OCT: Spectral-Domain Optical Coherence Tomography. HPBM:

high-dose photobiomodulation. LPBM: low-dose photobiomodulation.
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Photobiomodulation laser treatment does not induce neovascularization

Time-lapse FFA in control eyes treated with either HPBM, LPBM, or sham was
performed at the mid-point, and at the completion of the treatment. Appropriate filling of
retinal vessels and the choroidal capillary network was visible in all treatment groups. No
pathological vascular networks, nor fluorescein leakage was observed in any of the
treatment groups. These results indicated that PBM laser does not in itself induce
neovascularization or disruption of the blood-retina-barrier in the healthy eye (Figure

4.5).

Weak nestin immunolabelling was observed in the retinal vasculature, as is expected with
a mature vascular network in retinal tissue. No focal upregulation of nestin or aberrant
vascular networks, indicative of pathological neovascularization, were visualised in any
group. Furthermore, no Nestin+ Mller cells were observed in any group, suggesting that
no glial cell activation occurred. This normal pattern of expression was observed in
retinas treated with HPBM-laser, LPBM-laser, and sham. This supports the evidence
provided by FFA that PBM laser treatment does not incite an inflammatory glial response,
nor promote the development of pathological neovascularization in the healthy retina

(Figure 4.6).
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Figure 4.5: Representative images of time-lapse FFA of control eyes at completion
of treatment with HPBM laser, LPBM laser, and sham. No pathological
hyperfluorescence or leakage is evident in any of the treatment groups. Scale bar:
1000 um. FFA: fundus fluorescein angiography. CNV: choroidal
neovascularization. HPBM: high-dose photobiomodulation. LPBM: low-dose

photobiomodulation.



Figure 4.6: Expression of Nestin in retinal WM from eyes treatment with HPBM,
LPBM, or sham. Normal retinal vascular networks are observed in all treatment
groups. Scale bar: 200 pm. WM: wholemount. HPBM: high-dose

photobiomodulation. LPBM: low-dose photobiomodulation.

Photobiomodulation laser treatment does not induce an inflammatory glial cell

response

In retinal WM from control eyes treatment with HPBM laser, LPBM laser, and sham,
scattered IBA-1-positive microglial cells were noted in a pattern that did not differ
between treatment groups. These cells possessed the characteristic arborescent
morphology of resting-state cells (Figure 4.7A). In control retinal cross-sections from
HPBM-laser, LPBM-laser, and sham treatment groups, similarly a few IBA-1-positive
microglial cells were appropriately observed in the GCL and IPL as is typical for these
retinal glia. However, the characteristic arborescent morphology of resting microglia was
not fully appreciated in these thin tissue cross sections (Figure 4.7B). In control RPE
WM, microglial cells were not observed. Since microglia are resident cells of the retina,

and are not indigenous to the RPE, this finding is also expected (data not shown).
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Figure 4.7: (A) Expression of IBA-1 resident microglial cells as determined by
fluorescence immunohistochemistry of retinal WM from eyes at completion of the
treatment period with HPBM laser, LPBM laser, and sham. Scale bar: 100 pm.
White arrow: microglial cell. (B) Expression of IBA-1 resident microglial cells
(black arrowhead) as determined by immunolabelling of retinal paraffin cross-
sections from eyes at completion of the treatment period with HPBM laser, LPBM
laser, and sham. Scale bar: 100 pm. IBA-1: ionized calcium-binding adapter
molecule 1. WM: wholemount. GCL.: ganglion cell layer. INL: inner nuclear layer.
ONL.: outer nuclear layer. RPE: retinal pigment epithelium. HPBM: high-dose

photobiomodulation. LPBM: low-dose photobiomodulation.
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In healthy retinas, GS labelled all parts of the Muller cell, from the vitreal end-feet, the
main processes spanning the retina, to the scleral end processes and the lateral side
branches. Examination of GS expression in retinal cross-sections from eyes treatment
with HPBM laser, LPBM laser or sham revealed no discernable difference in the pattern
of immunolabelling. This observation suggests that PBM laser does not induce
morphological changes in the Muller cell that would suggest gliotic reactivity (Figure

4.8).
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Figure 4.8: Representative images of glutamine synthetase staining of Muller cells
in cross-sections from eyes at completion of the treatment period with HPBM laser,
LPBM laser, and sham. Miuller cells appear histomorphologically normal in all
treatment groups. Scale bar: 100 um. GCL.: ganglion cell layer. INL: inner nuclear
layer. ONL: outer nuclear layer. RPE: retinal pigment epithelium. HPBM: high-

dose photobiomodulation. LPBM: low-dose photobiomodulation.
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4.5 Discussion

In the field of ophthalmology, there a complex relationship with light. Hormesis,
originally described by the Arndt-Schulz Law, describes the biphasic response of
biological tissue to differing concentrations of certain substances, whereby exposure to
low levels of a substance, which would otherwise be harmful at a higher dose, leads to
positive effects in biological tissues 3443431 This process is exemplified in ocular tissue
when exposed to laser treatment. Ocular tissues have a variable response to exposure to
light. Low levels of light exposure can have advantageous consequences, but elevated
levels of light exposure can pass the tissue threshold and consequently being detrimental
to tissue function. Retinal phototoxicity is a well-documented process. The dense melanin
pigment of the RPE and choroid absorbs incident laser energy that is then converted to
thermal energy 31631, When the irradiation time exceeds the thermal relaxation time of
the RPE cells, which approximately equals 10us, heat dissipation out of the RPE during
and after the laser treatment and causes thermal damage to the adjacent choroidal and
photoreceptor cells 3°. This is a rapidly evolving area of inquiry; it is the basis for
subthreshold laser therapy in degenerative and proliferative retinal disease. It is suggested
that at the right laser fluence there is up-regulation of the expression of cell viability
factors, increased extracellular matrix turnover, and a shift in vascular endothelial growth
factor (VEGF) and pigment epithelium factor (PEDF) expression ratio to favour an anti-

angiogenic microenvironment, and resultant involution of retinal neovascularization 32"

332, 432-434
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Glutamine synthase (GS) is a functional protein constitutively expression by Muller cells
of developmentally-mature healthy retinas. Muller cells constitutively express GS as part
of their role in the uptake, metabolism, and inactivation of glutamate, the major excitatory
neurotransmitter in the retina. GS is a marker of health and is utilized to assess Miller
cell phenotypic status in retinal cross-sections by highlighting any morphological and
functional changes that occur in response to Miller cell stress. Conversely, Nestin is a
class VI intermediate filament protein that is expressed at low levels in quiescent vascular
endothelium, and not at all in terminally differentiated Miller cells in the health adult
retina. Nestin is utilised as a marker of proliferation in vascular endothelial cells and
Muller cells as it is upregulated in these population during angiogenesis and gliosis 43>
442 GFAP is another maker of gliosis, as it is expressed in terminally differentiated glia.
And is upregulated as part of the glial stress response 413 443, Although attempts were
made to facilitate optimal morphology in retinal cross-sections with utilization of
Davidson’s fixative to circumvent artefactual retinal detachment, attempts to stain with
glial stress marker GFAP, did not produce cross-section that could be reliably used for
analysis and representation in this thesis. In clinical practice, FFA and SD-OCT analysis
is considered gold standard for identifying and monitoring of clinical NAMD; these were
thus confidently utilised as reliable outcome measures of retinal morphological and
vasopermiability following PBM laser treatment 46420, The evidence presented here is
indicative that PBM laser at the selected laser fluences utilised in this study does not cause
phototoxicity, induce an inflammatory retinal glial stress response, nor stimulate growth
of aberrant vascular tissue or cause disruption of the blood-retinal-barrier in otherwise

healthy retinae.
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These findings reaffirm the safety profile of PBM-laser at the selected laser fluences. It
is suggested that PBM at the fluences utilized in this study do not detrimentally altering
biochemical processes in healthy tissue 367 375, This is not unexpected, considering that
the safety of the laser settings utilised in this study have been previously validated. These
findings mirror the laser fluence range utilised in numerous studies that have
demonstrated neuroprotection and immunomodulation 358-369. 371,388, 444 "t js of particular
interest to determine the retinal glial cell response to PBM, for which the evidence has
thus far swayed towards an immunomodulatory effect 228 379,383, 384,445 Thjs js especially
pertinent as members of this cell population have a strong influence on the retinal
response under conditions of stress and are a strong driver of pathological
neovascularization in the retina under conditions of unrestrained inflammation 160. 446, 447,
This is pertinent when considering how PBM will influence angiogenic pathways,
because PBM appears to have variable effects on these pathways depending on the tissue

conditions 448449,
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Chapter 5:
Ascertaining if photobiomodulation laser influences
neovascular membrane size and permeability in the choroidal

neovascularization model
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5.1 Introduction

A dense vascular supply is fundamental to meet the requirements of the photoreceptor
population to facilitate the metabolically demanding phototransduction cascade. The
pathogenesis of NAMD is characterised by a multitude of factors including chronic
hypoxia and neuroinflammation. A major downstream consequence is unrestrained
expression of the pro-angiogenic factor VEGF. This leads to growth and infiltration of
the subretinal space by new vessels that lack barrier properties. Photoreceptors are highly
reliant on an intact blood-retinal barrier to carefully control the microenvironment and
confer immune privilege 16 60-62. 73 Disruption of the blood-retinal barrier results in an
imbalance in the influx and efflux of fluid between the vasculature and the retinal space
and invites immune cell infiltration, leading to further barrier disruption. This results in
exudative retinal detachment and corruption of the retinal phototransduction process
acutely, as well as apoptosis and atrophic scaring of the retinal tissue in the protracted
phase, with consequential irreversible visual impairment 34 37132 Based on the shared
belief that VEGF is the master control of angiogenesis, the goal of evolving therapeutics
is to target upstream pathogenic mechanisms that lead to upregulation of VEGF with the
intention to abort retinal neovascularisation and consequently prevent retinal

degeneration 143 4%0,

5.2 Study aim

The aim of this study was to determine the effects of treatment with two PBM-laser

settings on the size and permeability of CNV in this laser-induced CNV model
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5.3 Study design

For FFA, SD-OCT and WM analysis, animals received treatment to both eyes with either
HPBM (n =9), LPBM (n = 9), or sham (n = 9) every 3 days from 6 days prior to CNV
induction, until 12 days after CNV induction. Animals were randomized during group
allocation for the experiment. CNV was only induced in the left eye of each animal, whilst
the right eye acted for treatment control analysis. FFA and SD-OCT analysis was
conducted at 7 days and 14 days following CNV induction. Animals were humanely
killed at 15 days after CNV induction, and eyes enucleated and processed for WM tissue
analysis 24 hours after the final FFA and SD-OCT analysis (Figure 5.1). All analysis of
SD-OCT and WM data was performed on pooled averages of laser spots in each eye; each
eye was treated as n = 1. The primary investigator was not blinded to the group allocation
during the outcome analyses. Results were confirmed by a second investigator blinded to
group allocation during the outcome analyses. Quantitative data are reported as means.
Means were compared between experimental groups using One-way ANOVA with post-
hoc Tukey’s HSD Test performed for multiple comparisons. Statistical significance was
determined at the 0.05 level. All semi-quantitative analysis of FFA data was performed
on individual laser spots in each eye; each laser spot was treated as n = 1. Data are reported
as categorical data. Chi-Square Test of Independence was applied to this data with
Bonferroni Correction and post-hoc Fisher’s Exact Contingency Test performed for

multiple comparisons.

For cross-section analysis, animals received treatment to both eyes with either HPBM (n

=8), LPBM (n = 8), or sham (n = 8) at 6 days, 3 days, and immediately prior to induction
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of CNV by CW laser (Figure 5.2). Animals were randomized during group allocation for
the experiment. To allow analysis of CNV lesions during the peak period of
inflammation, animals were humanely killed at 3 days following CNV induction. Eyes
were immediately enucleated. All left eyes were prepared for immunoperoxidase staining
of retinal tissue cross-sections. Control animals were also used for comparative analysis.
All analysis of cross-section data was performed on pooled averages of successful laser
spots in each eye; each eye was treated as n = 1. The primary investigator was not blinded
to the group allocation during the outcome analyses. Results were confirmed by a second
investigator blinded to group allocation during the outcome analyses. Quantitative
immunostaining data are reported as means. Means were compared between experimental
groups using One-way ANOVA with post-hoc Tukey’s HSD Test performed for multiple

comparisons. Statistical significance was determined at the 0.05 level.

Day Day Day Day Day Day Day Day Day Day
-6 -3 0 +3 +6 +7 +9 +12 +14  +15
I I I | || I I ||
I | | I I I I L
PBM PBM PBM PBM PBM FFA PBM PBM FFA Tissue
+ + + collection
CNV OCT OoCT

induction

Figure 5.1: Pictorial timeline of PBM experimental treatment regimen treatment

and CNV membrane analyses following laser induction.
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Figure 5.2: Pictorial timeline of PBM experimental treatment regimen and timeline

of tissue collection for retinal tissue cross-section.

5.4 Results

Choroidal neovascular membrane histomorphology

At the site of laser induction, a CNV membrane is seen as an ellipsoid mass arising from
the choroid and infiltrate into the subretinal space. Disruption of the overlying retinal
morphology and loss of photoreceptors is observed secondary to the thermal insult to the
retina in the process of rupturing Bruch’s membrane. This is highlighted when comparing

normal retinal histomorphology to CNV lesions (Figure 5.3).

HPBM LPBM Sham Control

Figure 5.3: Representative images of H&E stained retinal cross-sections 3 days after
CNV induction in eyes treated with HPBM, LPBM, or sham. CNV membranes are
marked by yellow asterisks. Representative image of a control eye has been included
to demonstrate normal histomorphology of the retina. Scale bar: 100 um. H&E:

hematoxylin and eosin. CNV: choroidal neovascularization. HPBM: high-dose
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photobiomodulation. LPBM: low-dose photobiomodulation. GCL: ganglion cell
layer. INL: inner nuclear layer. ONL: outer nuclear layer. RPE: retinal pigment
epithelium. Ch: choroid.

Photobiomodulation laser influences choroidal neovascular membrane growth

Laser-induced CNV membranes were visualised in RPE wholemounts by
immunostaining with 1B4, which localised to the endothelial cell cytoplasm. I1B4 also
appeared to weakly localise to RPE cell tight junctions in control RPE wholemounts (data
not shown). CNV membranes were characterised by a nest of neovascular vessels (Figure
5.4A). CNV membrane area was quantified utilizing a colour-thresholding tool on 1B4
immunofluorescence images. A one-way ANOVA was performed to compare the effect
of PBM on CNV membrane size at the completion of the treatment period. This revealed
that there was a statistically significant difference in CNV membrane size between at least
two treatment groups (F = 5.93, p = 0.008). Tukey’s HSD Test for multiple comparisons
found that the mean value of CNV membranes size in sham eyes were significantly larger
than that of HPBM (p = 0.01, 95% C.1. [3.95x10% 6.15x10%]) and LPBM (p = 0.02, 95%
C.I. [4.28x10%, 6.15x10%]) treated eyes. No statistically significant difference (p = 0.89)
in CNV membrane size was observed between LPBM and HPBM treated eyes (Figure

5.4B).
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Figure 5.4: (A) Representative images of laser-induced CNV membranes marked by
expression of 1B4 in rat RPE WM at 14 days after induction with CW laser in eyes
treated with HPBM laser, LPBM laser, or sham. Scale bar: 200 pm. (B) Bar graph
depicting CNV membrane size as determined by colour-thresholding of images of
IB4 immunofluorescence in RPE WM from eyes treated with HPBM laser (n = 9),
LPBM laser (n = 9), or sham (n = 9). Data are presented as mean + SEM. *
Statistically significant difference (p < 0.05), by one-way ANOVA with a Tukey’s
HSD post-hoc test. CNV: choroidal neovascularization. WM: wholemount. 1B4:
isolectin-B4. RPE, retinal pigment epithelium. HPBM: high-dose

photobiomodulation. LPBM: low-dose photobiomodulation.
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Retinal cross-sections were immunolabelled with 1B4 to highlight VECs in the CNV
membranes. CNV membranes could be clearly defined as an ellipsoid mass projecting
from the choroid into the subretinal space. IB4 immunoreactivity was also associated with
retinal microglial and infiltrating macrophages that are observed in and overlying the
CNV membrane. In control retinas, there was immunoreactivity to 1B4 in vascular
structures and to scattered retinal microglia as is considered typical for these retinal glia
(Figure 5.5A). A one-way ANOVA was performed to compare the effect of PBM on
CNV membrane size determined from area calculations taken from retinal cross-sections.
This revealed that there was a statistically significant difference in CNV membrane cross-
sectional size between at least two treatment groups (F = 5.43, p = 0.025). Tukey’s HSD
Test for multiple comparisons found that the mean value of CNV membrane area was
significantly different between HPBM (p = 0.042, 95% C.I. [5.14x10% 8.86x10%]) and
LPBM (p = 0.048, 95% C.I.[6.02x10%, 8.18x10%]) treated eyes as compared to sham eyes.
No statistically significant difference (p = 0.89) in CNV membrane size was found

between LPBM and HPBM treated eyes (Figure 5.5B).
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Figure 5.5: (A) Representative images of 1B4 immunolabelling in cross-sections 3
days after CNV induction. In control retinas, 1B4 localizes to blood vessel walls
(arrow). CNV membranes are clearly defines as an ellipsoid mass projecting from
the choroid into the subretinal space. CNV membranes are marked by yellow
asterisks. 1B4 immunoreactivity is associated with a dense nest of vascular

endothelial cells (arrow). Scale bar: 100 pm. (B) Bar graph depicting CNV
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membrane area in eyes treated with HPBM laser (n = 4), LPBM laser (n = 4), or
sham (n = 5), as determined from inputting height and width measurements taken
from retinal cross-sections immunostained with 1B4 into an ellipsoid area formula.
Data are presented as mean = SEM. * Statistically significant difference (p < 0.05),
by one-way ANOVA with a Tukey’s HSD post-hoc test. 1B4: Isolectin-B4. CNV:
choroidal neovascularization. HPBM: high-dose photobiomodulation. LPBM: low-

dose photobiomodulation.

SD-OCT was further utilised to visualise and quantify CNV membrane volume 14 days
after induction (Figure 5.6A). A one-way ANOVA was performed to compare the effect
of PBM treatment on CNV membrane volume utilising measurement of membrane
height, and two measurements of width in perpendicular planes from SD-OCT B scans.
This revealed that there was a statistically significant difference between treatment groups
(F=7.26, p = 0.003). Tukey’s HSD Test for multiple comparisons found that there was
no statistically significant difference between PBM treatment groups (p= 0.89). It was
noted that the mean size of CNV membranes in eyes treated with PBM laser were smaller
than membranes in sham-treated eyes. This reached statistical significance for both
HPBM (p = 0.01, 95% C.I. [3.35x108, 4.65x10%]), and LPBM (p = 0.006, 95% C.I.

[3.37x108, 4.41x10°%]) treatment groups (Figure 5.6B).
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Figure 5.6: (A) SD-OCT B-scan of CNV membranes at 14 days after induction with
CW laser in eyes treated with LPBM laser, HPBM laser, or sham. CNV lesions are
characterised by ellipsoid mass in the subretinal space. Scale bar: 200 pm. (B) Bar
graph depicting CNV membrane volume measured from SD-OCT B-scans captured
in retinas treated with HPBM laser (n = 9), LPBM laser (n = 9), or sham (n = 9).
Data are presented as mean = SEM. * Statistically significant difference (p < 0.05),
** Statistically significant difference (p < 0.01), by one-way ANOVA with a Tukey’s
HSD post-hoc test. SD-OCT: spectral-domain optical coherence tomograph. CNV:
choroidal neovascularization. CW: continuous wave. HPBM: high-dose

photobiomodulation. LPBM: low-dose photobiomodulation.
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Photobiomodulation laser influences choroidal neovascular membrane permeability

Time-lapse FFA was utilized to identify leaky choroidal neovascular membranes induced
by Bruch’s membrane rupture with laser photocoagulation. Lesions were analyzed on a
grade scale based on the spatial and temporal evolution of fluorescein leakage following

a documented standard (see Chapter 2, Materials and Methodology).

It was noted from this semi-quantitative analysis that CNV membranes displayed
persistent pathological leakiness at completion of the 14-day treatment period in 36.4%
of HPBM-treated eyes, 26.5% of LPBM-treated eyes, and 50% of sham-treated eyes
(Figure 5.7A). A Chi-Square test of independence was applied to compare the effect of
PBM on vascular permeability at the completion of the treatment period and found a
statistically significant difference between at leave two groups even after a Bonferroni
Correction was applied (p = 0.013). Post-hoc Fisher’s Exact Test revealed that there was
a statistically significant difference in vascular permeability between the LPBM (p =
0.006) and HPBM (p = 0.013) treatment groups when compared to the sham treatment
group. There was no statistically significant difference (p = 0.78) between PBM treatment

groups (Figure 5.7B).

Evaluations were made from time-lapse photographs of FFA at 7 and 14 days following
CNV induction. CNV membranes in eyes treated with HPBM laser or LPBM laser did
not worsen at 14 days compared to 7 days, whilst 35.3% of CNV membranes in sham
eyes had worsening of pathological leakage at 14 days when compared to 7 days. A Chi-

Square Test of Independence was applied to compare the effect of PBM on the natural
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history of CNV membrane vascular permeability. This revealed that there was a
statistically significant difference between at least two groups even after a Bonferroni
Correction was applied (p = 0.0003). Post-hoc Fisher’s Exact Correlational Test revealed
a statistically significant improvement in vascular permeability of CNV membranes
between HPBM (p = 0.00001) and LPBM (p = 0.02) treatment groups when compared to
the sham group. There was no statistically significant difference (p = 0.14) between PBM

treatment groups (Figure 5.8).

0 minutes S minutes 10 minutes 15 minutes 20 minutes
B HPBM LPBM Sham
Wl 36.40% Leakage W 2650% Leakage Wl 50.00% Leakage
@ 3] 63.60% No Leakage 3 7350% No Leakage [ 50.00% No Leakage
. ' ** '.

*

Figure 5.7: (A) Time-lapse FFA at completion of treatment with HPBM laser,
LPBM laser, or sham 14 days after induction of CNV. Scale bar: 1000 um. (B) Pie

graph depicting proportion of CNV membranes with persistent vascular leakage
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based on FFA grading at 14 days following laser induction in eyes treated with
HPBM laser (n = 33), LPBM laser (n = 34), or sham (n = 34). * Statistically
significant difference (p < 0.05), by Chi-Square Test of Independence with
Bonferroni correction, and post-hoc Fisher’s Exact Correlational Test for multiple
comparisons. ** Statistically significant difference (p < 0.01), by Chi-Square Test of
Independence with Bonferroni correction, and post-hoc Fisher’s Exact
Correlational Test for multiple comparisons. FFA: fundus fluorescein angiography.
CNV: choroidal neovascularization. HPBM: high-dose photobiomodulation.

LPBM: low-dose photobiomodulation.

Net change in fluorescein leakage

Figure 5.8: Box plot depicting average net change in CNV membrane activity based
on FFA grading at 7 to 14 days following laser induction in eyes treated with HPBM
laser (n = 33), LPBM laser (n = 34), or sham (n = 34). A value of 0 represent no net
change. A positive value represents worsening fluorescein leakage. A negative value
represents reduced fluorescein leakage. * Statistically significant difference (p <
0.05), by Chi-Square Test of Independence with Bonferroni correction, and post-

hoc Fisher’s Exact Correlational Test for multiple comparisons. ** Statistically
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significant difference (p < 0.01), by Chi-Square Test of Independence with
Bonferroni correction, and post-hoc Fisher’s Exact Correlational Test for multiple
comparisons. FFA: fundus fluorescein angiography. CNV: choroidal
neovascularization. HPBM: high-dose photobiomodulation. LPBM: low-dose

photobiomodulation.

Photobiomodulation laser influences repair of the outer blood retinal barrier

RPE-65 is a phototransduction molecule that is constitutively expressed in adult RPE
cells. Cross-sections were immunolabelled with RPE-65 to ascertain RPE cell integrity
at the site of CNV lesions. Disruption of the o0BRB and invasion of the subretinal space
by CNV tissue was observed. RPE cells were seen traversing the CNV membrane in all
treatment groups; however, in both HPBM- and LPBM-treated eyes, RPE cell migration
and closure of the defect was more advanced than in the sham group. A cross-section of
a control retina serves to demonstrate the appearance of an intact outer blood-retinal

barrier, of which the RPE constitutes the inner layer (Figure 5.9).

Sham Control

Figure 5.9: Representative images of RPE-65 immunolabelling in retinal cross-
sections at 3 days after CNV induction. Disruption of the outer blood-retinal barrier

is seen at the site of CNV membrane in all eyes. CNV membranes are marked by
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yellow asterisks. RPE cells (arrows) are seen traversing the defect in HPBM laser,
LPBM laser, and sham-treated retinas. Representative image of a control eye
demonstrates normal histomorphology of an intact blood-retinal barrier. Scale bar:
100 um. RPE-65: Retinal pigment epithelium-specific 65 kDa protein. CNV:
choroidal neovascularization. HPBM: high-dose photobiomodulation. LPBM: low-
dose photobiomodulation. INL: inner nuclear layer. ONL: outer nuclear layer.

RPE: retinal pigment epithelium. Ch: choroid.

5.5 Discussion

There is published evidence that PBM may have beneficial effects that are of clinical
relevance in retinal neovascular diseases. A case series conducted by Ivandic et al
demonstrated clinical improvement in oedema and bleeding in PBM-treated subjects with
nAMD 372, Similarly, Tang et al conducted a case series in subjects with DME and
demonstrated that PBM reduced central retinal thickness in treated eyes 36°. The NIRD
clinical trial further added weight to this case series. This study demonstrated that
treatment with PBM laser in subjects with DME resulted in a reduction in central macular
thickness and improvement in BCVA without any related adverse events 37, It is
recognised that chronic hypoxia and inflammation, with recruitment of retinal and
vascular inflammatory cells, are important pathogenic mechanisms for the propagation of
CNV in nAMD 2% 230, 451-453 This process occurs potentially via vascular endothelial
proliferation, migration, and impaired barrier function by direct and indirect influences
on VEGF and VEGF-adjacent proangiogenic pathways through cytokine and chemokine

signaling from the RPE and retinal glia 48 56102, 197, 241-243,454-485 |t has been hypothesised
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that PBM modulates these pathogenic pathways by rectifying mitochondrial respiratory
chain dysfunction, polarising retinal glia to their dormant phenotypes, modulating
immune cell recruitment and influencing multiple pro-inflammatory pathways by down-
regulating expression of proinflammatory and pro-angiogenic cytokines such as NO,
ICAM-1, CCL2, IFN- y, IL-6, IL-1 B, TNF-o, and C3 228 354, 355, 363, 366, 383-386, 466-468 |
this study, CNV membranes were analysed in two main domains: size and permeability.
The CNV membrane areas and volumes were in-line with previous reported values in the
laser-induced CNV model 4% 407 Of importance, PBM treatment partially restrained the
extent and pathology of neovascularisation. PBM treatment was consistently associated
with smaller and less permeable CNV membranes. It seems that in the laser-induced
model of CNV, maximal cellular inflammation and cytokine release occurs early in the
course. 1%, Previous studies with immunohistochemistry on paraffin cross-sections at
various time points after induction have demonstrated that in the laser-induced CNV
model early choroidal vessels are present at 3 days following induction, but it isn’t until
7 days that RPE cell recruitment to the site of exudative retinal detachment is noted, and
it takes a further 7-14 days before the RPE has enclosed the CNV membrane 4. This
period coincides with peak leukocyte infiltration and tissue inflammation. It could be
speculated that early RPE cell recruitment and closure of the defect in the o0BRB could
curb leukocyte infiltration and tissue inflammation, contributing to the smaller and less
permeable CNV membranes that were observed in PBM treated eyes 8" 404 Of note,
PBM treatment has been shown to be associated with upregulation of neurotrophins and
improved RPE cell phagocytic function under conditions of retinal stress and hypoxia 367

378,379,424 Although the evidence supporting the clinical benefit for PBM is still limited,
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this preliminary evidence presented here supports further enquiry into the application of

PBM treatment to clinical nAMD.
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Chapter 6:
Ascertaining how photobiomodulation laser influences
neovascular membrane size and permeability in the choroidal

neovascularization model
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6.1 Introduction

Kadiu and colleagues very accurately referred to immunological cells as the Dr Jekyll
and Mr Hyde of the central nervous system when considering chronic degenerative
disease #4. Chronic inflammation is a key pathogenic mechanism in nAMD. Retinal
ischaemia and mitochondrial respiratory chain dysfunction may be a driving force for this
inflammation in NAMD 192 233, 470 Thjs mechanism is a leading theory behind the
pathogenesis of NAMD 1°0.183.1%0 - Astrocytes and Miller cells, the two neuron-supporting
macroglia of the retina, and microglia, the resident macrophages of the retina, constitute
the key glial cell population of the retina 3* 182, The retinal glial population are active

participants in retinal vascular disorders 471472,

Histopathological evidence reveals that microglia migrate to, differentiate, and proliferate
at the site of inflammation 5% 149 473, 474 Microglia and perivascular macrophages are
found in abundance in CNV membranes of subjects with nAMD 87 83, 451, 452,454,455 The
activation profile is consistent with a cytotoxic ‘M1’ phenotype profile for microglia and
macrophages 167: 465, In this cytotoxic state, these cells liberate cytokines and chemokines,
most notably TNF-a, IFN- ¥, IL-1, and IL-6, thus creating an inflammatory milieu 1
183,190 These factors propagate neuroinflammatory signals within the retina and signal
peripheral immune cells recruitment. This inflammatory milieu is believed to be a key
component of the early evolving neurodegeneration that occurs in nAMD, as they are
potent chemokines for vascular leukocytes and inducers of VEGF in the retina and are

implicated in the BRB disruption and macular oedema observed in NnAMD 9 194, 475-477,
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This glial-neuronal cell interaction in the retina is important for photoreceptor survival
as the retinal glial system possesses valuable trophic effects 161 168-181 Under conditions
of hypoxic and inflammation, RPE cells and retinal macroglia upregulate expression of
neurotrophins to protect against apoptosis. These retinal cells are known to release factors
like CNTF, bFGF, NGF, PDGF, EGF, BDNF, and TGF-R. However, to add insult to
injury, microglial neurotrophic factor expression can be downregulated when in a
cytotoxic state 180 447 These factors are known to regulate neuronal growth, modulate
gliotic reactivity, and be protective against cell death induced by hypoxia, oxidative
stress, tissue inflammation, apoptosis, and glutamate excitotoxicity in fundamental retinal
cell populations, namely, photoreceptors, ganglion cells and RPE cells 52 154164 Many of
the pathways that are involved in cellular survival also influence angiogenic pathways in
the retina, as these pathways play a core role in tissue repair. These aforementioned
survival factors are also known pro-angiogenic factors, degrading endothelial cell tight
junctions, and promoting VEC proliferation and vascular tissue infiltration 48-°°, The RPE
cells, and retina macroglia are the key subset of retinal cells that liberate VEGF under
conditions of hypoxia, contributing to neovascularisation, and thus these cell populations

are considered important in the pathogenesis of NAMD 102 241-243, 459, 460, 478,

PBM treatment is consistently associated with improved photoreceptor survival in animal
studies and improved best corrected visual acuity in patients with amblyopia, DME, and
both dAMD and nAMD 362 364, 365, 368, 371, 372, 382, 387, 388 ' Modulation of the glial response
is one of the foci of therapeutics; to reap the rewards whilst mitigating the cytotoxic and
reactive gliotic component of the immune and inflammatory system to improve

therapeutic outcomes in degenerative diseases such as nAMD.
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6.2 Study aim

The aim of this study was to determine if treatment with two PBM-laser settings

influenced inflammatory and/or angiogenic pathways in the eye.

6.3 Study Design

For ELISA and cross-section analysis, animals received treatment to both eyes with either
LPBM (n =8), HPBM (n = 8), or sham (n = 8) at 6 days, 3 days, and immediately prior
to induction of CNV by CW laser. Animals were randomized during group allocation for
the experiment. It is thus suggested that the point of peak retinal inflammation and cellular
tissue remodeling in the laser-induced CNV model is at day 3 post-induction 87404, For
this reason, to allow characterization of the cellular inflammatory and angiogenesis
response to PBM treatment in this critical period, animals were humanely killed at 3 days
following laser CNV induction (Figure 6.1). Eyes were immediately enucleated. All right
eyes were dissected, and relevant tissues harvested for ELISA. All analysis of ELISA
data was performed on pooled averages of laser spots in each eye; each eye was treated
as n = 1. Quantitative VEGF protein data are reported as means. Means were compared
between experimental groups using One-way ANOVA with a post-hoc Tukey’s HSD
Test performed for multiple comparisons. Statistical significance was determined at the
0.05 level. All left eyes were prepared for immunoperoxidase staining of retinal tissue
cross-sections. Control animals were also used for comparative analysis. All analysis of
cross-section data was performed on sections taken through the center of the CNV

membrane; each eye was treated as n = 1. The primary investigator was not blinded to the
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group allocation during the outcome analyses. Results were confirmed by a second
investigator blinded to group allocation during the outcome analyses. Quantitative
immunostaining data are reported as means. Means were compared between experimental
groups using One-way ANOVA with post-hoc Tukey’s HSD Test performed for multiple

comparisons. Statistical significance was determined at the 0.05 level.

For FFA, SD-OCT and WM analysis animals received treatment to both eyes with either
LPBM (n =9), HPBM (n = 9), or sham (n = 9) every 3 days from 6 days prior to CNV
laser induction, until 12 days after laser CNV induction. CNV was only induced in the
left eye of each animal, whilst the right eye acted as a treatment control analysis. Animals
were randomized during group allocation for the experiment. FFA and SD-OCT analysis
was conducted at 7 days and 14 days following CNV induction. Animals were humanely
Killed at 15 days after CNV induction, and eyes enucleated and processed for WM tissue
analysis 24 hours after the final FFA and SD-OCT analysis (Figure 6.2). All analysis of
FFA, SD-OCT, and WM data was performed on pooled averages of laser spots in each
eye; each eye was treated as n = 1. The primary investigator was not blinded to the group
allocation during the outcome analyses. Results were confirmed by a second investigator
blinded to group allocation during the outcome analyses. Quantitative data are reported
as means. Means were compared between experimental groups using One-way ANOVA
with post-hoc Tukey’s HSD Test performed for multiple comparisons. Statistical

significance was determined at the 0.05 level.
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Figure 6.1: Pictorial timeline of PBM experimental treatment regimen and timeline

of tissue collection for ELISA and retinal tissue cross-section.
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Figure 6.2: Pictorial timeline of PBM experimental treatment regimen treatment

and CNV membrane analyses following laser induction.

6.4 Results:

Photobiomodulation laser treatment modulates retinal and retinal pigment

epithelium mitochondrial respiratory chain activity

RPE and retinal explants from healthy rat eyes were treated with HPBM. There was an
observable increase in mitochondrial respiratory chain activity within the treatment zone
versus outside of the treatment zone, indicated by increased mitochondrial superoxide

production as a by-product of increased mitochondrial oxygen metabolism (Figure 6.3).
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Figure 6.3. Representative images of mitochondrial superoxide concentration in
control versus HPBM-treated rat RPE explants, without (A, B), and with (C, D)
retina attached. Blue fluorescence denotes cell nuclei. Red fluorescence denotes
increased cellular mitochondrial oxygen metabolism. Scale bar: 200 pm. RPE,

retinal pigment epithelium; PBM, photobiomodulation.

Effect of photobiomodulation laser treatment on vascular endothelial growth factor

levels

Sandwich ELISAs for all splice variants of VEGF were performed on retinal and RPE-
choroid tissue harvested from eyes 3 days after laser induction of CNV. There was no
statistically significant difference in VEGF levels between treatment groups in either the
retinal (F = 3.26, p = 0.069; Figure 6.4B) or RPE-choroid tissue (F = 0.13, p = 0.88;

Figure 6.4C). The results of the retinal VEGF quantification need to be considered with
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the caveat that it was not possible to separate retinal from vitreous tissues with absolute
certainty. This has an implication for analysis as control rat vitreous samples possessed a
mean VEGF levels of 217.18 pg/mg. In an analogous fashion, separation of retina from
RPE-choroid tissue was technically difficult; however, if retinal and RPE-choroid values
were considered within a combined analysis, this did not result in a statistically significant
difference in means between treatment groups (data not shown). It should also be noted
that VEGF levels in some retinal samples were close to the lower end of detection

sensitivity for the ELISA kit, which has a threshold of detection of 2 pg/mL.
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Figure 6.4: VEGF levels in that rat retina and RPE-choroid complex at 3 days after
CNV induction, as determined by sandwich ELISA. (A) VEGF standard

concentration curve. (B) VEGF concentration expressed as pg/mg of protein in
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RPE-choroid tissue harvested from HPBM laser (n = 8), LPBM laser (n = 8), and
sham treated eyes (n = 8). There was no statistically significant difference (p > 0.05)
in VEGF levels, by one-way ANOVA. (C) VEGF concentration expressed as pg/mg
of protein in retinal tissue harvested from HPBM laser (n =7), LPBM laser (n =5),
and sham treated eyes (n = 6). There was no statistically significant difference (p >
0.05) in VEGF levels, by one-way ANOVA. VEGF: vascular endothelial growth
factor. CNV: choroidal neovascularisation. ELISA: enzyme-linked immunosorbent
assay. RPE: retinal pigment epithelium. LPBM: low-dose photobiomodulation.

HPBM: high-dose photobiomodulation.

Effect of photobiomodulation laser treatment on cell proliferation

In cross-sections of control retinas, PCNA weakly localises to a scattered number of cell
nuclei in the inner nuclear layer, presumably Miller cells. In cross-sections of CNV
retinas, PCNA was associated with Miller cell soma that had adopted the characteristic
gliotic morphology and migrated to the CNV lesion site. Qualitative assessment of tissue
sections revealed there to be fewer PCNA™ Miiller cells observed overlying CNV
membrane in the PBM treatment groups, particularly the LPBM group, as compared to
the sham group. PCNA also localized to proliferating endothelial cells within the CNV

membranes in both groups (Figure 6.5).
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Figure 6.5: Representative images of PCNA immunolabelling in retinal cross-
sections of control eyes, and eyes 3 days after CNV induction. A few weakly labelled
PCNA cells (arrows) are seen in control eyes. PCNA* cells are observed in
(arrowheads) and around (arrows) the CNV membrane in HPBM laser, LPBM laser
and sham-treated retinas. CNV membranes are marked by yellow asterisks. Scale
bar: 100 pum. PCNA: proliferation cell nuclear antigen CNV: choroidal
neovascularization. INL: inner nuclear layer. ONL: outer nuclear layer. RPE:
retinal pigment epithelium. HPBM: high-dose photobiomodulation. LPBM: low-

dose photobiomodulation.
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Effect of photobiomodulation laser treatment on haemoxygenase-1 expression

Retinal cross sections were immunostained for HO-1. As expected, HO-1 was not
expressed in control eyes. Within CNV eyes, HO-1* glial cells and putative RPE cells
were observed within the retina and subretinal space. These cells appear to have migrated
to the site of CNV membranes around the laser induction zone. Qualitative assessment of
tissue sections revealed there to be more robust HO-1 expression in PBM-treated retinas

than sham retinas (Figure 6.6).
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Figure 6.6: Representative images of HO-1 immunolabelling in retinal cross-sections
of control eyes, and eyes 3 days after CNV induction. In CNV eyes, HO-1 expression
is seen in reactive retinal glia (open arrow) within and surrounding the CNV
membrane in all three treatment groups. CNV membranes are marked by yellow
asterisks. No discernable HO-1 expression is seen in control eyes. Scale bar: 100 pum.

HO-1: haemoxygenase-1. CNV: choroidal neovascularization. INL: inner nuclear
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layer. ONL: outer nuclear layer. RPE: retinal pigment epithelium. HPBM: high-

dose photobiomodulation. LPBM: low-dose photobiomodulation.

Effect of photobiomodulation laser treatment on expression of cell survival factors

In control retinas, weak CNTF expression was observed within astrocytes and Miller cell
end-feet, soma and processes (Figure 6.7). In CNV eyes from all treatment groups, there
was abundant expression of CNTF around CNV membranes in all treatment groups.
CNTF expression was seen most prominently in the dense gliotic scar at the CNV
membrane formed by Miller cells, but expression encompassed reactive astrocytes and
migrating RPE cells. Reactive morphological changes in these cells are also seen.
Upregulation of CNTF expression was essentially limited to CNV membranes and the
overlying retina. CNTF expression was also observed in a radial pattern through the
retinal layers, presumed to be Miiller cell processes. Expression was also seen in the RPE
cell layer. Qualitative assessment of tissue sections revealed similar abundance of CNTF

in all three treatment groups (Figure 6.7).
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Figure 6.7: Representative images of CNTF immunolabelling in retinal cross-
sections of control eyes, and 3 days after CNV induction. Weak labelling of
astrocytes (open arrows), and Mduller cells (arrowheads) is seen in control eyes.
Upregulated expression of CNTF is evident in astrocytes, Muller cells, and RPE
(filled arrow) overlying the CNV membrane in HPBM laser, LPBM laser and sham-
treated CNV eyes. CNV membranes are marked by yellow asterisks. Scale bar: 100
um. CNV: choroidal neovascularization. GCL: ganglion cell layer. INL: inner
nuclear layer. ONL: outer nuclear layer. RPE: retinal pigment epithelium. HPBM:

high-dose photobiomodulation. LPBM: low-dose photobiomodulation.
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The expression of bFGF was upregulated in Mdller soma around CNV membranes in
retinas of all treatment groups. Qualitative assessment of tissue sections revealed that the
density of expression of bFGF in the glial scar overlying CNV membranes formed by
Miller cells in PBM retinas was not dramatically different between treatment groups.
Outside of the induction zone, it was also noted that bFGF expression was globally
upregulated in retinas of HPBM, LPBM, and sham-treated eyes when compared to control
retinas. In control retinas bFGF expression was localized to ganglion cell nuclei, Muller

soma, and RPE cells. This pattern of expression was seen in all retinas (Figure 6.8).
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Figure 6.8: Representative images of bFGF immunolabelling of retinal cross-
sections of control eyes, and eyes 3 days after induction of CNV in HPBM laser,
LPBM laser, and sham-treated eyes. Upregulated expression of bFGF is evident in

ganglion cells (filled arrow), Muller cells (open arrow) and RPE cells (arrowhead)
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around CNV membranes in HPBM laser, LPBM laser and sham-treated CNV eyes.
CNV membranes are marked by yellow asterisks. Scale bar: 100 um. bFGF: basic
fibroblast growth factor. CNV: choroidal neovascularization. GCL: ganglion cell
layer. INL: inner nuclear layer. ONL: outer nuclear layer. RPE: retinal pigment
epithelium. HPBM: high-dose photobiomodulation. LPBM: Low-dose

photobiomodulation.

Effect of photobiomodulation laser on microglia/macrophages

In RPE WM from CNV eyes, there was a localised aggregation of IBA-1" cells at the site
of CNV membranes in all treatment groups. These cells had the amoeboid morphology
that characterises M1-polarised microglial cells. IBA-1* cells were scarcely seen outside
of the CNV membrane area (Figure 6.9A). In control RPE WM, IBA-1* microglial cells
were scarcely seen (data not shown). Colour-thresholding was utilised to measure the area
of IBA-1 expression as a function of microglial cell recruitment. A one-way ANOVA
was performed to compare the effect of PBM on microglial recruitment. There was
statistically significant difference between at least two groups (F = 10.7, p = 0.0005). The
median area of microglial recruitment in RPE WM was statistically similar between
HPBM, and LPBM treated eyes on Tukey’s HSD Test for multiple comparisons (p = 0.2;
Figure 6.9B). The median area of microglial activation was smaller in both PBM
treatment groups compared to the sham group. This reached statistical significance for
both HPBM (p = 0.02, 95% C.1. [3.87x10%, 5.19 x10]), and LPBM (p = 0.001, 95% C.1.

[2.60x10%, 4.38x10%]) treatment regimens (Figure 6.9B).
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Figure 6.9: (A) Representative images of fluorescent IBA-1 immunolabelling in RPE
WM at 14 days after CNV induction in eyes treated with HPBM laser, LPBM laser,
or sham. Scale bar: 200 pm. (B) Bar graph depicting amount of reactive IBA-1*
cells infiltrating the CNV lesion, as determined by the colour-thresholding function
in imageJ applied to images of RPE WM treated with HPBM laser (n = 9), LPBM
laser (n = 9), or sham (n = 9). Data are presented as mean = SEM. * Statistically
significant difference (p < 0.05), by one-way ANOVA with a Tukey’s HSD post-hoc
test. ** Statistically significant difference (p < 0.01), by one-way ANOVA with a
Tukey’s HSD post-hoc test. IBA-1: ionized calcium-binding adapter molecule 1.

RPE: retinal pigment epithelium. WM: wholemount. CNV: choroidal
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neovascularization. HPBM: high-dose photobiomodulation. LPBM: low-dose

photobiomodulation.

In retinal WM from sham and PBM control eyes, scattered IBA-1* microglial cells were
seen. These cells however possessed the arborescent morphology that characterises
resting state cells (see Chapter 4, Figure 4.7). In retinal WM from CNV eyes, there was
localised aggregation of amoeboid-shaped IBA-1* cells at the lesion site consistent with
the morphology of reactive microglia (Figure 6.10A). A one-way ANOVA was
performed to compare the effect of PBM on microglial recruitment. Comparison between
treatment groups revealed that there was a statistically significant difference between at
least two groups (F =7.53, p =0.004). Tukey’s HSD Test for multiple comparisons found
no statistically significant difference in microglial cell abundance between the HPBM
and LPBM treatment groups (p = 0.9). There was, however, a significant difference in
IBA-1* cell abundance between the sham group and both HPBM (p = 0.007, 95% C.I.
[6.11x103, 10.6x10°%]), and LPBM (p = 0.02, 95% C.I. [5.98x103, 10.7x10%,]) treatment

groups (Figure 6.10B).

The migration and congregation of microglia/macrophages to the CNV lesion that was
observed in WM analyses was mirrored when retinal cross-section analysis was
conducted. In control retinas of all treatment groups, IBAL1 immunoreactivity comprised
scattered ramified microglia, a pattern consistent with resting-state microglia (see Chapter
4, Figure 4.7). In CNV retinas, the pattern of microglial reactivity is highlighted, with
engorged, amoeboid-shaped IBA-1+ cell evident in all treatment groups, and at all levels
of the retina overlying the site of CNV membranes: a morphology consistent with reactive

microglia. Within the CNV membrane, mononuclear pigmented cells were seen in all
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treatment groups, consistent with infiltrating vascular-derived macrophage (Figure
6.11A). A one-way ANOVA was performed to compare the effect of PBM on microglial
recruitment. Comparison between treatment groups revealed that there was a statistically
significant difference in microglial cell abundance between at last two groups (F = 10.3,
p = 0.005). Tukey’s HSD Test for multiple comparisons found no statistically significant
difference in microglial cell abundance between the PBM treatment groups (p = 0.26).
However, there was a statistically significant difference in IBA-1* cell abundance
between both HPBM (p = 0.049, 95% C.1. [25.6, 31.4]), and LPBM (p = 0.004, 95% C.1.

[24.2, 32.8]) treatment groups when compared to sham (Figure 6.11B).
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Figure 6.10: (A) Representative images of fluorescent IBA-1 immunolabelling in
retinal WM at 14 days after CNV induction in eyes treated with HPBM laser, LPBM
laser, or sham. At the site of CNV membranes there is marked increase in density
of reactive IBA-1* cells. Scale bar: 200 pm. (B) Bar graph depicting amount of IBA-
1* cells infiltrating the site of laser-CNV induction, as determined by the colour-
thresholding function in imageJ applied to images of retinal WM treated with

HPBM (n =8), LPBM (n =5), or sham (n = 9). Data are presented as mean + SEM.
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* Statistically significant difference (p < 0.05), by one-way ANOVA with a Tukey’s
HSD post-hoc test. ** Statistically significant difference (p < 0.01), by one-way
ANOVA with a Tukey’s HSD post-hoc test. IBA-1: ionized calcium-binding adapter
molecule 1. WM: wholemount. HPBM: high-dose photobiomodulation. LPBM: low-
dose photobiomodulation. CNV: choroidal neovascularization.
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Figure 6.11: (A) Representative images of IBA-1+ cells in retinal cross-sections from
control eyes, and eyes 3 days after CNV induction. In CNV retinas, retinal microglia
(arrowhead) and macrophages (open arrow) are seen in and overlying CNV
membranes in all treatment groups. CNV membranes are marked by yellow
asterisks. Scale bar: 100 um. (B) Bar graph depicting macrophage-lineage cell count
in and around CNV membranes in eye treated with HPBM (n = 4), LPBM (n = 4),
and sham (n = 4) using the cell count tool in imageJ. Data are presented as mean *
SEM. * Statistically significant difference (p < 0.05), by one-way ANOVA with a
Tukey’s HSD post-hoc test. ** Statistically significant difference (p < 0.01), by one-
way ANOVA with a Tukey’s HSD post-hoc test. IBA-1: ionized calcium-binding
adapter molecule 1. CNV: choroidal neovascularization. CW: continuous wave
photocoagulation laser. HPBM: high-dose photobiomodulation. LPBM: low-dose
photobiomodulation. GCL: ganglion cell layer. INL: inner nuclear layer. ONL.:

outer nuclear layer. RPE: retinal pigment epithelium.

Effect of photobiomodulation laser on Muller cells

The highly organised laminar structure of the Muller cell that is typically seen in health
retinae (see Chapter 4; Figure 4.8) was disrupted in CNV retinae. There is an observable
reduction of GS immunostaining in the retina overlying CNV membranes in all treatment
groups, with a coincident increase in GS immunolabelling in a nest of Miller cell adjacent
to CNV membranes. This is consistent with Miller cells that have migrated and form a
glial scar around CNV membranes. Qualitative assessment revealed that the patterns of

GS immunoreactivity appeared similar in all three treatment groups (Figure 6.12).
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Figure 6.12: Representative images of GS immunostaining of Muller cells in cross-
sections 3 days after CNV induction. Muller are seen to have migrated and formed
a glial scar (arrowheads) around CNV membranes in retinas from all three
treatment groups. CNV membranes are marked by yellow asterisks. Scale bar: 100
pum. GS: glutamine synthetase. CNV: choroidal neovascularization. HPBM: high-

dose photobiomodulation. LPBM: low-dose photobiomodulation.

To shed further light on Muller cell responses to CNV, retinal WM were immunolabelled
with nestin. In healthy retinal WM, nestin weaky labelled the retinal vasculature (see
Chapter 4; Figure 4.6). In CNV eyes, nestin strongly localised to dense collections of
elongated spindle-shaped cells, oriented perpendicular to the retinal cell layers in a pattern
indicative of Mller cells that have undergone gliotic transformation overlying the site of
laser-CNV induction (Figure 6.13A). Colour-thresholding was utilised to measure the
area of nestin expression overlying the site of CNV membranes as a surrogate marker of
Mdller cell gliosis. Comparison between treatment groups using one-way ANOVA

revealed that there was significant difference between at least two treatment groups (F =
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11.4, p = 0.0005). Tukey’s HSD Test for multiple comparisons found no significant
difference in nestin immunoreactivity between the PBM treatment groups (p = 0.36).
However, there a statistically significant difference in nestin immunoreactivity in the
HPBM ((p = 0.014, 95% C.1. [5.40x103, 6.59x10°]), and the LPBM (p = 0.001, 95% C.1.
[3.85x10%, 5.74x10°%]) treatment groups when compared to the sham group (Figure

6.138B).
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Figure 6.13: (A) Representative images of fluorescent nestin immunolabelling in
retinal WM from CNV eyes at completion of the treatment period. At the site of
CNV membranes there is marked increased density of reactive nestin* Muller cells.

Scale bar: 200 pm. (B) Bar graph depicting amount of nestin* Muller cells overlying
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the CNV lesion, as determined by the colour-thresholding function in imageJ
applied to images of retinal WM of eyes treated with HPBM (n =7), LPBM (n =7),
and sham (n = 9). Data are presented as mean £ SEM. ** Statistically significant
difference (p < 0.01), by one-way ANOVA with a Tukey’s HSD post-hoc test. WM:
wholemount. CNV: choroidal neovascularization. HPBM:  high-dose

photobiomodulation. LPBM: low-dose photobiomodulation.

Effect of photobiomodulation laser on neutrophils

Myeloperoxidase (MPO) is a marker of cells of myeloid origin and is used to identify
infiltrating neutrophils. In control retinas, no MPO* cells were observed (data not shown).
MPO immunoreactivity was conducted in the different treatment groups. Extensive
infiltration of MPO™ cells, within and overlying the CNV lesion, was observed in sham
retinas. A few MPO™ neutrophils were seen in retinas from both PBM treatment groups

(Figure 6.14).
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Figure 6.14: Representative images of MPO+ cells in retinal cross-sections 3 days
after CNV induction with CW laser. MPO+ neutrophils (arrowheads) are seen

infiltrating CNV membranes. Scale bar: 100 um. MPO: myeloperoxidase. CNV:
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choroidal neovascularization. HPBM: high-dose photobiomodulation. LPBM: low-

dose photobiomodulation.

Effect of photobiomodulation laser on T-lymphocytes

CD3 is a pan-T-cell marker. In control retinas, no CD3* cells were observed (data not
shown). Sham retinas featured numerous CD3* lymphocytes in and around the CNV
membrane; these cells were seen in retinal tissue well beyond the CNV lesions. Whilst
CD3" cells were observed at the site of CNV membranes in HPBM retinas, these are

largely restricted to the CNV lesion. No CD3* cells are observed in LPBM retinas (Figure

6.15).
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Figure 6.15: Representative images of CD3+ cells in cross-sections 3 days after CNV

induction with CW laser. CD3+ T-cell (arrowhead) are seen to infiltrate in and
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around the CNV membranes in HPBM, and sham retinas, although this is more
extensive in the former. CNV membranes are marked by yellow asterisks. No CD3+
cells are observed in LPBM retinas. Scale bar: 100 pum. CD3: cluster of
differentiation 3. CNV: choroidal neovascularization. HPBM: high-dose

photobiomodulation. LPBM: low-dose photobiomodulation.

Effect of photobiomodulation laser on expression of pro-inflammatory cytokines

Immunostaining of retinal cross-sections at 3 days after CNV induction was also
performed for the pro-inflammatory cytokines TNF-a, iNOS, IL-1p, and IL-6 because of
their well-recognized role in nAMD. In archival positive control retinas from eyes
injected with the bacterial toxin lipopolysaccharide, expression of all four cytokines was
observed in microglia (data not shown). However, no expression of TNF-a, INOS, IL-1f3,
and IL-6 was discernible in CNV eyes (data not shown). The most likely explanation for
the lack of expression of these cytokines is that the time point of analysis, 3 days after
laser-induced CNV induction, is too, past the peak period of expression of these

cytokines.

6.5 Discussion:

PBM is postulated to counteract hypoxia and modulate cellular survival by increasing

expression of, and activity of CCO %1-353, |t does so by causing dissociation of nitric oxide

(NO) from CCO, with oxygen preferentially binding instead. This improves

mitochondrial oxidative phosphorylation, increases mitochondrial membrane potential,
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with resultant reduction in ROS production, and aids recovery from mitochondrial
respiratory chain blockade under hypoxic conditions; this leads to increased available
energy in target cells 347 354357, 479 \We affirmed that PBM increases mitochondrial
respiratory chain activity in retinal tissue under normoxic conditions. It would be of
interest to ascertain how this would translate to hypoxic tissue as it is known that under
such conditions, scavenger molecule, superoxide dismutase, can become overwhelmed,
leading to oxidative stress within the tissue. PBM is known to overcome oxidative stress
in target tissues by normalise expression of the superoxide dismutase within 30-120
minutes of treatment 220 222, 352, 366, 480351-353, 382 gynplementary analysis of superoxide
dismutase expression to follow on from this study would be prudent to ascertain the net
oxidative status of the target tissues. We postulated that if PBM can improve
mitochondrial function, and increase scavenger activity, it may therefore reduce VEGF-

driven CNV development.

Hypoxia and inflammation are potent induction factors for VEGF expression 48 232, 481-
483 In the laser-induced CNV model of AMD, investigators have demonstrated that
VEGF levels peak at 3 days following induction and begin decreasing after 18 days, but
can remain elevated for at least 30 days 87 404, Whilst the results in this study did not
affirm the hypothesis that PBM reduces VEGF levels, the earlier presented WM and
cross-section analysis supports down-regulation of pathogenic proangiogenic
mechanisms. Whilst ELISA is a high-quality method for protein quantification, in
samples of minute amount, such as is suggested in this study, alternative methodology
may be useful, such as polymerase chain reaction (PCR) 48+ 48, The angiogenic pathways

in the retina are complex. There are several tissue mediators of VEGF expression and
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blood-retinal barrier disruption in NAMD, and these factors are interactive. Thus, the
effects of PBM laser cannot be attributed to VEGF levels alone. For example, PBM may
influence VEGF tissue interactions indirectly by influencing the relative half-life of
VEGF in tissue or VEGF receptors expression on target tissues, as it is known that under
hypoxic conditions, VEGF has a prolonged half-life, lasting 2-3 times longer in tissue
when compared to normoxic conditions “8. However, it is understood that the tissue
response to VEGF is also dependent on the relative counteractivity of local antiangiogenic

factors.

There is suggested that PBM treatment can shift the VEGF/PEDF ratio towards an anti-
angiogenic profile 3’7, PEDF is one of the key endogenous inhibitors of angiogenesis in
the eye, along with TSP1, endostatin, and angiostatin >4 115 PEDF is a potent anti-
angiogenic factor secreted from the apical aspect of RPE cells ®. It is typically present at
an order of magnitude higher level in retinal tissue compared to VEGF. It exerts its effects
by inhibiting the expression and binding of VEGF to VEGFR-2 102.486.487 Reduced RPE
production of, and hence reduced levels of the antiangiogenic factors PEDF, TSP1,
endostatin and angiostatin in Bruch’s membrane and the choriocapillaris potentially
contributes to the development of CNV and perpetuation of NAMD 1214, 115, 118, 488, 489
Thus, derangement in the ratio of VEGF in relation to these factors is implicated in CNV
formation in nAMD 27, 101, 104, 105, 143, 197, 198, 232, 454, 481-483, 490. In turn, application Of
mitochondrial antioxidants preferentially shifts the ratio back towards normal 37648, The
consideration that PBM could upregulate counteractive antiangiogenic tissue factors is an
avenue of further enquiry, as upregulation of these peptides is associated with attenuation

of retinal vascular development and neovascularization 24 46: 491-495,
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In the literature, the tissue effects of PBM have been attributed to its ability to combat
tissue inflammation and oxidative stress. The modulating effect on neovascularisation
that has been earlier presented is most likely dependent upon an interaction of multiple
factors and its influence on VEGF-independent proangiogenic pathways. For example,
the anti-angiogenic effects of PEDF are not selective for VEGF. This factor also inhibits
endothelial cell migration and proliferation by down-regulating angiogenic and
chemotactic signals from TGF-B, aFGF, bFGF, TNF-a, ICAM-1, MCP-1 and CTGF, as
well as playing an important role in physiological vascular pruning in late retinal
vascularization by selectively causing apoptosis of endothelial cells of new blood vessels
without affecting those of established mature blood vessels through the Fas/FasL
pathway; the aforementioned retinal antiangiogenic factors are known to also act through
this pathway 24 46491, 496-498 'Exogenous administration of these factors is associated with
suppression of experimental CNV and has garnered enough interest to be extended into
clinical trials in AMD 12499502 Fyrthermore, PEDF has inhibitory effects on macrophage,
microglia, and astrocyte proliferation, suggesting a role for immunomodulatory effects in
the eye and brain %03 54, PEDF expression is upregulated in stromal cells in the retina,
which is thought to be as part of the Mdiller cell neuroprotective response 102108111 pPEDF
exerts neurotrophic effects in the retina directly through the PEDFR, which is strongly
expressed in RPE, and photoreceptor inner segments, but also weakly expressed in the
inner nuclear, and retinal ganglion cell layers 5% 5%, PEDFR activation is associated with
upregulation of bcl-2 expression, which protects against photoreceptor apoptosis through
bcl-2 mediated inhibition of nuclear translocation of apoptosis-inducing factor, in a
caspase-independent manner 177 597, However, neuroprotection may also be indirectly

through PEDF-mediated upregulation of other neurotrophic factors, such as BDNF,
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GDNF, NT-3, and NGF 5%, The presented evidence suggests PBM treatment modulates
vascular proliferation and permeability through VEGF-adjacent pathways. Consequently,
the specific anti-angiogenic pathways targeted by PBM will require further elucidating.
Identification and definitive qualification of the tissue factors involved in mitigating

angiogenesis with an ELISA angiogenesis panel would be illuminating.

PBM has pleotropic effects on cellular survival. It is suggested that it may do so through
activation of the main cellular anti-apoptotic pathway protein, bcl-2 382509 Miiller cells
may be one of the retinal cells targeted by PBM. Miuller cells retain progenitor cell
characteristics, having the capacity to migrate to the site of injury and differentiate into
new neurons 35 36.435,510-512 ‘Neestin is a marker de-dedifferentiated Maller cells that have
adopted neuronal progenitor cells characteristics, as it is upregulated in the process of
Mdiller cells as part of the process of proliferation, migration and dedifferentiation during
gliosis 435442, Proliferation cell nuclear antigen (PCNA) is an essential nuclear protein
required for DNA synthesis that is maximally expressed during the G1/S phase of the cell
cycle. PCNA expression is often employed as a marker of cell proliferation because cells
remain for a longer time in the G1/S phase when proliferating. Like nestin, PCNA is
expressed at low levels in the normal adult retina; it is considered a marker of cellular
proliferation 512-516, 1t is believed that the expression of PCNA in Mdiller cells may play a
role in the resistance of this cell type to ischaemic insult through its role in DNA mismatch
repair 17-51, Many of the stimuli that promote apoptosis, such as heat shock or oxidative
stress, also induce the synthesis of heat shock proteins (HSP). HPSs are molecular
chaperones that participate in synthesis, folding, assembly, transportation, and

degradation of proteins. Under physiological conditions, HSPs are weakly expressed in
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cells; however, expression is increased in conditions of cellular stress 5% 520, Under
conditions of retinal stress, HSPs have pleotropic effects; they play a protective role in
the retinal stress response by influencing mitochondrial calcium balance, anti-apoptotic
gene expression, and mitochondrial oxidative phosphorylation by inhibiting the
mitochondrial cyt c-mediated apoptotic cascade °2X. Furthermore, HSPs induce phenotype
switching of microglia to their ‘M2’ anti-inflammatory phenotype and downregulate
leukocyte adhesion; this in turn is associated with liberation of neurotrophic factors, and
modulation of retinal inflammation 149 165-167, 233, 235,522,523 Heme Oxygenase-1 (HO-
1/HSP32) is a HSP and molecular chaperone of interest in the central nervous system and
neuroretina 524526 1t is upregulated as part of the retinal stress response; it is involved in
conferring cellular resistance to apoptosis. It appears to be upregulated by, and contribute
to, the observed anti-inflammatory and anti-apoptotic effects PBM treatment exerts in
neovascular disease of the retina 3% 38, |n this study, as is reflective in the literature,
PBM appears to modulate the gliotic reactivity of retinal glia, without a detrimental effect

on retinal survival mechanisms.

PBM has also been shown to upregulate the expression of neurotrophic factor CNTF in a
light-damage rat model of AMD, with associated improvement in ERG responses as an
indicator of improved photoreceptors survival 7. CNTF is considered a ‘lesion factor’;
it is expressed at low levels in the healthy retina but is upregulated by RPE and macroglia
in stressed retina. It is thought that it indirectly exerts its survival effects by binding to
the CNTFRa expressed on cell membranes of retinal macroglia and microglia resulting
in a switch to a neuroprotective phenotype 168170, 171,183 |t js also known to down-regulate

the expression of VEGF by the RPE and increase fluid absorption across the outer blood-
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retina-barrier by upregulating CNTFR chloride channels at the basolateral RPE cell
membrane, mediated by JAK2/STAT3 signalling. Whilst PBM treatment has been shown
to modulate the expression of this neurotrophin under conditions of retinal stress, it does
not seem to influence expression of CNTF in otherwise healthy tissue 170 17% 527 Qur
findings confirmed that PBM treatment itself does not appear to cause upregulation of
CNTF expression in otherwise healthy retinas when compared to sham retinas. CNTF
expression was upregulated around the CNV membrane in the laser-induction zone in all
treatment groups, but not discernable different between sham, and PBM treated retinas
was observed. However, definitive protein and receptor quantification with ELISA would

be illuminating.

It is well established that VEGF is the master controller of angiogenesis in the retina but
there are a number of key molecules of particular interest that influence barrier function
and angiogenesis in the retina 2. The FGF family of proteins and their receptors control
a wide range of biological functions in the retina. The physiological role that bFGF plays
in the retina should not be underestimated. It is a key neurotrophin in the retina, playing
an especially important role as a survival factor in the stressed retina 1°* 155, RPE cells
and macroglia secrete bFGF in an autocrine capacity, which is important for maintaining
vascular integrity, but upregulate expression under hypoxic conditions, contributing to
neovascularisation 232 453 528-530  EGFs directly induce angiogenesis by promoting
endothelial cell mitogenesis and motogenesis, independent of VEGF 2+ 531, Furthermore,
there is evidence to suggest that VEGFR blockade may upregulate the FGF family pro-
angiogenic pathways, and this has implications for the recurrence and the aggressiveness

of neovascularization in the face of VEGFR blockade under hypoxic conditions. This
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may also explain the loss of efficacy and development of tolerance to ranibizumab and
bevacizumab that is observed over time with repeated intravitreal administration of anti-
VEGF therapy 2% 532 533 Qverexpression of FGF ligands and their receptors are
associated with neovascular disease of the retina and neoplastic disease 367 531,
Furthermore, when looking at models of overexpression of the FGFR family of tyrosine
kinase receptor, blockade of the FGFR is associated with inhibition of pathogenic
vascular behaviour, such as neovascularisation, cell migration and tissue invasion 2* 102
367,453, 459-461, 464, 534-537 M ijller cell population appears to be a key source of chemokines,
and pro-angiogenic factors like bFGF under conditions of retinal stress. It is known that
bFGF expression is elevated in this laser-induced model of CNV 42, The effects of PBM
on Miller cell expression of bFGF under conditions of stress have been demonstrated by
other investigators 378 379, Of note, the expression of bFGF appears to be upregulation in
the region of retinas treatment with PBM laser when compared to control, affirming that
PBM laser does not down-regulate the expression of this survival factor below control
level in otherwise healthy retinal tissue. Thus, the modulation of bFGF expression may
be one of the pathways through which PBM exerts its retinal survival effects without
inducing exacerbation of CNV membrane growth in this study. The role of alternative
angiogenic pathways mediated by bFGF, is one avenue of investigation to follow when
considering neovascular tissue development in clinical NAMD. PBM laser does not
appear to influence this particular pathway in this study 367.379.538.539 However definitive

protein and receptor quantification with ELISA would be illuminating.

Further investigation in to the role of other neurotrophic factors that influence

angiogenesis in the retina would be of interest. TGF-B is one such factor. TGF-B is of
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particular interest as there is a duality to the role that TGF-8 plays in angiogenesis; its
role is conditional. RPE cells secrete TGF- in an autocrine capacity. Under these
conditions, TGF-f indirectly promoted angiogenesis through endothelial-cell-derived
MMP-mediated remodelling of the extracellular matrix. However, when upregulated in
retinal hypoxia and inflammation by microglia, Miller cells, perivascular macrophages
and infiltrating leukocytes, TGF-p largely plays a modulatory role. It modulates
inflammation in the retinal wound-healing response, suppressing TNF-a, IL-1 and IL-6
expression, inhibiting cytokine-induced endothelial adhesion and polarising microglia to
the “M2’, reparative phenotype 54 195 540-544 |t also mitigates pathological angiogenesis
by inhibiting VEC migration, proliferation, and invasion across the extracellular matrix
both directly, and indirectly, through secondary inhibition of bFGF-mediated pro-
angiogenesis 24 83 192, 470, 545549 - Eyrthermore, TGF-B is known to modulate gliotic
reactivity and is protective against neuronal cell death induced by hypoxia, oxidative
stress, apoptosis, and glutamate excitotoxicity 2 1%6-15 The modulating effects of PBM
in inflammation and neovascularisation are most likely dependent upon an interaction of
multiple factors, which require further exploration. Identification and definitive
qualification of the tissue factors involved in control of angiogenesis with an ELISA

angiogenesis panel would be illuminating.

Penfold et al suggested from data attained from staining AMD and age-matched healthy
human eye WM for microglial activity that in AMD eyes there is increased microglial
activity, especially around vessels and that this immunologic responses in neural retinal
microglia and vasculature appear to be related to early pathogenetic changes in RPE

pigmentation and drusen formation 5%°, Microglial steady-state maintenance is mediated
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by photoreceptor-derived neurotrophic factor cell-cell interactions. Thus, photoreceptor
degeneration, and with it, a loss of soluble and membrane-bound neurotrophic factors,
releases microglia from tonic inhibition, resulting in a phenotype switch to a pro-
inflammatory, ‘activated” M1 microglial cell population 5 %, In this activated form,
microglia secrete ROS, and RNS, as well as pro-inflammatory cytokines such as TNF-a.,
IL-1R, and IFN- y, which perpetuates further polarization of the microglial population to
the cytotoxic phenotype 0 167. 183 The coincident loss of microglia-derived trophic
support to glial and neuronal cells exacerbates retinal degeneration. This pro-
inflammatory state is associated with a phenotype switch in Muller cells towards gliosis.
In acute retinal stress, the typical features of Miller cell gliosis involve cellular
hypertrophy, proliferation, and migration. The process of epithelial-mesenchymal
transition results in a functional change in this cell population 438-441, 511,512,551 | this
study, less marked gliotic transformation in the Miller cells population in the PBM-
treatment groups may result in a less potent cytokine soup, as the phenotype switch to a
cytotoxic state is associated with upregulation of expression of inflammatory cytokine
like TNF-a, IL-1R3, IL-6, and iNOS, and cell adhesion molecules like VCAM-1 and
ICAM-1, and chemokines like CCL2 and CCL3 in Mdiller cells &, It seems that in the
laser-induced model of CNV, maximal cellular inflammation and cytokine release occurs
early in the course. Leukocyte recruitment and infiltration into retinal tissue following
activation of this inflammatory cascade tends to peak at 48-72 hours but subsequently
persists, perpetuating ongoing inflammation for up to 5-7 days %3 469, This cellular
response is considered an important pathogenic mechanism in NAMD, as investigators
have demonstrated that leukocyte depletion directly inhibits CNV development 186-188,

Further analysis at various time-points and quantification would be useful to ascertain the
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natural history of lymphocyte infiltration. Identification and definitive qualification of the
tissue factors involved in retinal inflammation with an ELISA inflammation panel would

be illuminating.

Microglia and Mdller cell activation, and infiltration of leukocytes are associated with
tissue upregulation of the expression of inflammatory cytokine like TNF-a., IL-18, IL-6,
IFN-y and iNOS 150, 167. 183,185 These cytokines are induction factors for activation of
structural and functional changes in VECs that have implications for BRB dysfunction,
retinal inflammation and loss of immune privilege of retinal tissue in NAMD 56 102,197, 241-
243,404, 456-465 TNF-q is considered to be one of the master controllers of inflammation and
is a strong induction factor for expression of VEGF. TNF-a contributes to mitochondrial
DNA damage and acts as a chemokine, increasing microvascular permeability and
promoting immune cell infiltration into the retina 196-198. 238,239, 454 "¢ is thus a factor of
interest as it has a well-recognized role in the pathogenesis of NnAMD. Its blockade has
the potential to inhibit CNV formation and cause regression in existing membranes. PBM
treatment could potentiate this, as it is known to downregulate expression in Miiller cells
following treatment 228552, However, there was no noticeable expression of this factor in
any of the retinas in the present study. This is not all to together unexpected as this factor
is known to be upregulated early following laser induction. It is presumed that this factor,
whilst an important markers of retinal inflammation, and cellular oxidative stress, is
expressed early in this process, and may no longer be expressed at a detectable level by
the day-3 analysis time point. Compatibility of TNF-a antibody immunolabelling with
Davidson’s fixed retinal tissue has been confirmed previously, so technical issues are an

unlikely explanation for poor immunolabelling with this antibody 4%°. TNF-a-mediated
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inflammation induces production of potent pro-inflammatory ROS and RNS in RPE,
macrophages, Miller cells and microglial cells 1°6:238.23% |mmunostaining for nitric oxide
synthase (iNOS), the enzyme responsible for NO production, was attempted. However,
no discernible immunostaining for iNOS was noted in retinal tissues in the present study.
This factor is expressed early in the retinal stress response, and like TNF-a may have no
longer been expressed at a detectable level at the day-3 analysis time point 1% 239,
However, immunostaining for iNOS is known to be suboptimal with Davidson’s formula

fixed tissue 409,

TNF-o is also an induction factor for IL-1R 8, These two factors appear to have
synergistic amplifying effects on BRB breakdown 58 75190195 |t js understood that within
3-6 hours of exposure to these factors, polymorphonuclear cell and macrophage
recruitment and infiltration, activation of perivascular monocytes and Miller cells, and
blood-retinal-barrier break down with resultant oedema and haemorrhage occurs 8. As
IL-1pB is known to be involved in early inflammatory process, it is possible that like the
aforementioned cytokines, levels may have been expressed below detectable levels for
immunohistochemical at the day-3 time point of analysis. TNF-a is also an induction
factor for IL-6 18, IL-6 is another factor of interest as it is also upregulated in retinal glia
under conditions of hypoxia and inflammation. It is an important chemotactic factor, and
thus mediates BRB disruption in retinal endothelial cells indirectly. Its blockade
normalises retinal endothelial barrier function 90 194 476. 477 However, no discernable
immunostaining of these cytokines was noted in any of the study eyes. The conclusion

from the lack of success with immunostaining for TNF-a,, IL-18, IL-6, and iINOS was to
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conduct analysis of these factors at an earlier time point following laser-induction. In
support of this deduction, previous work from our laboratory has found upregulated
expression of proinflammatory cytokines in a time window of 6 to 24 hours after
continuous wave photocoagulation injury of the retina %3, Several key cytokines were
selected for this study, as discussed, however, further investigation of the role of other
factors, such as IFN-y is warranted as it is another key cytokine involved in BRB
disruption and cellular inflammation in the retina 167 183,470 |t js a factor known to be
involved in activation of the complement cascade and in priming macrophages to M1
cytotoxic phenotype 4%6-468 These pro-inflammatory mediators are important factors in
perpetuation of gliosis and vascular permeability, which in turn perpetuates
neovascularisation and neuronal cell death, ultimately interfering with visual function

factors.

These pro-inflammatory tissue factors are produced in retinal stress and injury by Maller
cells to activate and recruit more microglia, and are strong induction factors for leukocyte
recruitment, adhesion and transendothelial migration into retinal tissues. There is
resultant disruption of the BRB due to break down of VEC tight junctions during
leukocyte infiltration across the endothelial barrier 34 36-38, 58,74, 75,190-198, 475 'Neutrophils
are involved in early aspects of the wound healing response of the retina. There were less
neutrophils seen in PBM-treated retinas when compared to sham retinas, implying that
PBM may modulate the early inflammatory response in tissue and thus mitigate a
prolonged, or exaggerated response from immunological cells. PBM treatment down-
regulates expression of TNF-o. and endothelial adhesion molecule expression in

autoimmune encephalopathy 83384 This is reflected in the observation that there was less
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T lymphocytes recruitment in PBM retinas when compared to sham retinas in this study.
It is also known to polarise activated microglial cells to their dormant, anti-inflammatory
phenotype and is associated with reduced macrophage cell tissue infiltration and in a
mouse model of ROP, and aged-mouse model of AMD 367:38_ This was reflected in the
present study by notably fewer microglial cell and macrophage recruitment in PBM
treated groups. It was also observed that there was a negligible microglial cell population
in RPE WM outside of the laser induction zone. As microglia are resident cells of the
retina, and thus, are not native to the RPE, this observation confirms that the injurious
response from retinal microglia is localised and that treatment with PBM laser does not
induce microglial activation. Furthermore, PBM treatment is associated with reduced
Mdiller cell activation in vitro, and in a mouse model of light-induced retinopathy, and
leukocyte activation and infiltration in a rodent model of diabetic retinopathy 228 350 366,
379,386,445 |n this way, PBM is believed to modulate tissue inflammation. Along this vein,
if PBM imparts immunomodulatory effects, it may also influence microglial cells to
favour an immunomodulatory phenotype. This phenotype profile is associated with
liberation of neurotrophins, such as CNTF, bFGF, NGF, PDGF, EGF, BDNF, and TGF-

R that shift retinal glial cells toward a more neuroprotective phenotype 52 149 165-167 160,

446, 447

Mdiller are an important source of and express receptors for neurotrophic factors in acute
retinal stress, and through glial-glial interactions, in turn, they liberate neurotrophins to
support retinal glia and neuronal cells. In this way, the response of the Mauller cell
population under conditions of stress and injury can be protective to the retina by

favouring a neuroprotective phenotype 160446447 This cell population has the capacity to
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adopt progenitor cell characteristics, as part of the retinal wound-healing response
process, with potential, moreover, to differentiate into new neurons 3% 36:510, Thus, further
phenotypic characterisation of the retinal macroglial stress response would assist to
determine whether PBM treatment influences these cells to preferentially express an
immunomodulating versus cytotoxic phenotype 43 443, Microglia share phenotype
markers with macrophages, and thus, there are no microglia specific antigen markers; all
macrophage-like cells have Fc receptors for immunoglobulin, C3 receptors to bind
complement, binding of IBA-1, and antigenicity for F4/80, and CD68/ED1 monoclonal
antibodies 8 © 554557 However, labelling does not differentiate between microglial cell
phenotypes. Whether PBM treatment is associated with less M1-polarised microglial cell
recruitment is yet to be answered. Further investigations need to be performed to clarify
if PBM influences microglial phenotypes by immunolabelling for ‘M1’ cytotoxic markers
such as CD14, CD16, CD32, CD 40, CD86, and MHCII, and immunolabelling for ‘M2’

immunomodulatory markers such as CD163 and CD206 5% 559,
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Chapter 7:

Final words
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7.1 Study conclusions

The primary outcome measure of this study was to determine whether PBM treatment
influences the development of CNV in an animal model in terms of membrane size and
vascular permeability. PBM treatment was found to be associated with smaller and less
permeable CNV membranes. However, the levels of the key pro-angiogenic factor,
VEGF, were not statistically different between treatment groups. This suggests that whilst
PBM induced early regression of CNV membranes in this study, it appears to modulate
VEC growth, migration and vascular barrier function through VEGF-independent or
VEGF-adjacent proangiogenic pathways. PBM treatment was associated with less retinal
glial cell recruitment. Tissue inflammation is a potent driver for angiogenesis and
disruption of the BRB. Thus, modulation of retinal tissue inflammation is a potential
pathway through which PBM treatment has achieved the primary outcome measured in
this study. The secondary outcome measure was that PBM laser treatment did not have
adverse tissue effects on retinal tissue. No evidence of photoreceptor degeneration, glial
cell reactivity, nor aberrant neovascular tissue development was noted upon treatment of
control retinal tissues with PBM laser. Thus, the conclusions drawn from this study were
that the PBM laser is both safe to use in retinal tissue, and that it has the potential to
modulate neovascular tissue development in NnAMD through targeting of retinal tissue
inflammation and VEGF-adjacent angiogenic pathways. This study provides more insight
into the role that the PBM laser could play in management of neovascular disease of the
retina. There have been reports of retinal tissue effects in untreated fellow eyes in studies
utilising retinal laser treatment; a caveat to consider in this current study and in future

animal and human studies investigating retinal laser treatment 560-563,
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7.2 Future directions

Evidence from long-term follow-up of subjects receiving intravitreal anti-VEGF suggests
that despite best current practice, a third of individuals show resistance to anti-VEGF
treatment, exhibiting persistent oedema and progression of disease, resulting in vision
loss and compromised quality of life 2%, The inability to induce complete disease
regression may be attributable to that fact that anti-VEGF therapy does not target the up-
stream hypoxic and pro-inflammatory drive behind this disease 24 276302307 The goal of
evolving treatment strategies is to achieve the therapeutic effects of anti-VEGF therapy,
which is the current best practice, whilst reducing or avoiding the invasiveness of
intravitreal drug delivery. The pleotropic nature of VEGF in the eye is well established.
VEGEF is an important factor for endothelial, neuronal and glial cell function and survival,
especially under disease conditions 48 232, 564-566  nderstandably, there is a concern
amongst trial investigators from extended observations in subjects that receive anti-
VEGEF therapy, that this may have adverse long-term effects on the RPE. There is also a
suggestion that anti-VEGF therapy may contribute to geographic atrophy with long-term
treatment in NAMD subjects. We know that VEGF blockade interferes with ocular
development, RPE cell survival, RPE phagocytic function and microvilli morphology, as
well as RPE cell survival under oxidative stress 48 232.564-567 Thijs confounds the validity
of anti-VEGF strategies, particularly under chronic disease conditions as discussed in a
review by Zarbin %68 Furthermore, it is suggested that intravitreal anti-VEGF
administration is plausibly associated with an increased incidence of arteriothrombotic
events, although the precise mechanism appears to not be directly attributable to a VEGF-

lowering effect. With our growing understanding of the pathogenic mechanism
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predisposing to CNV development, of which the leading theories have focused on chronic
hypoxia and low-grade inflammation, there is increasing interest in generation of a
therapeutic approach that targets these underlying mechanisms 4, PBM treatment is a
potential untapped therapeutic modality, as there is an ever-growing evidence base in
support of its effects on the key pathogenic processes of chronic hypoxia and
inflammation that instigate CNV formation in nAMD, and this treatment may therefore,

prove to be successful in combating the development and progression of nAMD 62. 63, 346-

349, 353, 357, 381
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