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Abstract

Neurodegenerations are a complex pool of diseases united by a progressive loss of
neuronal cells. Retinal neurodegenerations cause several visual impairment
conditions worldwide, burdening the healthcare systems and lowering patients’
quality of life. Several retinal degenerations are associated with reactive oxygen
species overproduction, a well-known condition that, in the long term, has a
detrimental effect on the degeneration progression.

While the neuronal cells loss is irreversible, several therapeutic approaches are
currently used to prevent retinal degeneration, with contained and heterogeneous
effects depending on both disease and patient. In addition to the preventive therapies
available in clinical practice, the scientific community has investigated several
therapeutic and preventative solutions, from gene therapy to dietary supplements.
Nanomedicine has excellent potential for retinal degeneration prevention.
Nanoparticles with ROS scavenging capability, such as gold or cerium-oxide
nanoparticles, have been proven effective as neurodegeneration counteractors,
leading to intensive research to find more efficient materials for nanoparticles core.
Thanks to its high antioxidant activity, solubility and stability, platinum has proven
to be a valuable candidate.

In this thesis, we demonstrate that citrate capped platinum nanoparticles, produced
by seeded-growth approach and stabilized with an RSA corona preserve their catalytic
activity, without inducing neuronal death in vitro. Furthermore, in vivo experiments
enlightened a preservation effect on retinal electrophysiology, without altering the
morphology or the inflammation levels in the retina. These data together suggest
that PtNPs are safe to use in vivo and have the potential to be used as ROS

scavengersin cases of degenerative diseases of the retina.



Table of Contents

I. INTRODUCTION

1 THE LIGHT PATHWAY
1.1 Eye bulb
1.2 Crossing the retina

2 THE INFORMATION PATHWAY

2.1 Photoreceptors
2.1.1 Phototransduction

2.2 Vertical and horizontal retinal networks
2.2.1 Vertical network
2.2.2 Horizontal network

2.3 Ganglion cells

2.4 Cells supporting retinal vision
2.4.1 Retinal pigment epithelium
2.4.2 Retinal glia

2.5 Electrophysiologica evaluation of retinal activity

3 OXIDATIVE STRESS IN THE RETINA
3.1 The stressful environment of the retina
3.2 Reactive oxygen species
3.3 Oxidant/antioxidant unbalance
3.4 Antioxidants as therapeutical agents

4 AGE-RELATED MACULAR DEGENERATION
4.1 Aetiology
4.2 Therapeutic strategies

5 LIGHT DAMAGE ANIMAL MODEL
5.1 Rodent visual system
5.2 Light damage
5.3 Etiology of the light-induced neurodegeneration

6 NANOPARTICLES
6.1 NP classification

w =

O N o1

10
11
13
14
14
16
18

20
20
21
22
23

24
25
27

30
30
31
32

34
34



6.2 NP synthesis
6.3 Protein corona
6.4 NPs in medicine
6.5 Platinum NPs

II. AIMS

III.RESULTS

1 NANOPARTICLE SYNTHESIS AND CHARACTERIZATION
1.1 Synthesis and morphological characterization
1.2 Stabilization with a protein corona
1.3 Effects of the corona on NP kinetics

2 PTNPEFFECTSIN VITRO AND THEIR BIODISTRIBUTION IN THE

RETINA
2.1 PtNP effects on cells viability and scavenging activity in vitro
2.2 PtNP biodistribution in the eye

3 THE LD ANIMAL MODEL
3.1 Timeline of the in vivo experiments
3.2 Evaluation of different LD protocols
3.3 Characterization of the LD model
3.4 Morphological alterations
3.5 Electrophysiological evaluation

4 PRESERVATION OF VISUAL FUNCTION AFTER INTRAVITREAL
INJECTION OF PTNPS
4.1 Electrophysiological evaluation
4.1.1 Scotopic ERG
4.1.2 Photopic ERG
4.2 Morphological evaluation of the effect of PtNPs on retinal thickness
4.3 Inflammatory response preservation after PtNPs injection
4.3.1 ccPtNPs induce GFAP preservation
4.3.2 ccPtNPs prevent microglial cell infiltration in the ONL

IV. DISCUSSION

35
36
36
37

38

39

39
39
39
41

43
43
44

46
46
46
48
48
50

52
52
52
53
54
54
57
57

59



V. MATERIAL AND METHODS

1 NANOPARTICLE SYNTHESIS

2 NANOPARTICLE CHARACTERIZATION
2.1 Size Distribution
2.2 Dynamic Light Scattering

3 STABILIZATION IN BIOLOGICAL MEDIA
3.1 Agarose Electrophoresis
3.2 H;0;-TMB Chromogenic Assay

4 PTNPS IN PRIMARY NEURONAL COLTURES
4.1 Primary Neuronal Cultures
4.2 Cell Viability Assay
4.3 DCF Assay

5 TEM ANALYSIS ON RETINAS

6 ELECTROPHYSIOLOGICAL RECORDINGS
6.1 Dark adapted Electroretinogram

7 INTRAVITREAL INJECTION
8 ANIMAL HOUSING

9 LIGHT EXPOSURE

10 MORPHOLOGY

11 IMMUNOSTAINING

12 STATISTICAL ANALYSIS

VI. ACKNOWLEDGEMENTS

VII. REFERENCES

63

63

63
63
63

63
64
64

64
64
65
65

65

66
66

67

67

68

68

68

69

70

71






I. Introduction

1 THELIGHT PATHWAY

Vision begins in the retina, a highly specialized nervous tissue located at the bottom
of the eye. Light has to cross both the anterior and the posterior segment of the eye
before arriving to the retina. Moreover, photoreceptors (PRs), the cells deputed to
the conversion of light into the electrochemical signal, are placed in the outer portion
of the retina, meaning that light has to cross all the inner layers to be captured.

1.1 Eye bulb

The eye is the organ deputed to convert environmental light into electrochemical
impulses. It converges photons from the surrounding environment through an optical
system, regulating their amount with a muscular diaphragm, focusing it with a
system of adjustable lenses and converting it into an electrochemical signal. In the
eye, visual information undergoes a first elaboration before being sent to the higher
portions of the brain.

The human eye is an irregular sphere, with the anterior part characterized by a
smaller radius than the posterior one, which can be divided into three coats, different
in both function and morphology. The outermost layer is called the fibrous tunic,
having both roles as a protector from mechanical stress and shell shaping the eye.
It is composed frontally by the cornea, a transparent, highly innervated and non
vascularized tissue, and the sclera, an opaque fibrous layer that forms the rear
portion of the bulb. The middle layer is the vascular tunic, otherwise called the uvea,
divided in (Figure 1):

- the iris, a pigmented circular muscle placed behind the cornea. It works as a
shutter for the incoming light that contracts or relaxes thus modifying the
pupil diameter and consequently the amount of light entering the eye;

- the ciliary body, a contractile tissue that sustains and stretches the lens
through a series of ligaments, called suspensory ligaments. Our eye can
stretch the lens to change the focus of the light and adapt the image on the
retina depending on the distance of the object we are focusing our attention

on;
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Figure 1. Anatomy of the eye. The figure shows a schematic representation of a human eye.

- the choroid coat, rich in blood vessels. Its role is to provide oxygen and
nutrients to the inner layer and remove toxic waste.

The innermost layer is composed of the retina, the nervous layer responsible for
the transduction of light into electrical signals, and the retinal pigment epithelium
(RPE), a single-layer epithelium essential to PR physiology, as explained in the
following sections.

The eye is internally divided into anterior and posterior compartments. The former
can be further divided into an anterior chamber, which is delimited by the cornea
and the iris, and a posterior chamber, formed by the rear part of the iris, the lens,
and the suspensory ligament of the lens. These compartments are filled with aqueous
humour, a transparent fluid poor in proteins with oxygenating and nutritional roles.
The posterior segment of the eye occupies two-third of the total volume and contains
the vitreous body. Itis confined by the lens and the suspensory ligament of the lens
frontally and the retina posteriorly.



1.2 Crossing the retina

The transduction of the photons into electrical signals occurs in the PR, placed in
the outermost part of the retina.

A fundus image of the human retina enlightens two main structures called the optic
disk and the macula (Figure 2). The optic disk appears as a circle placed in the nasal
portion of the retina and it is the only part where the eye opens to the rest of the
body. The blood vessels flowing in the eye eventually pass through the optic disk as
the neuronal axons forming the optic nerve. The macula is a small area of 5.5 mm
diameter localized in the centre of the retina, about 5 mm in the nasal direction from
the optic nerve. This area has a higher concentration of PRs and creates the high-
resolution central part of our optical field. It can be divided in:

- the foveal avascular zone, the central portion of 1.5 mm diameter where PRs are
directly exposedto the posterior chamber. This structure allows photons to reach
the PRs without being distorted by either the blood vessels or the innermost layers
of the retina. Here, the thickness of the retina reaches its lower peak. In its center,
a small area of less than 0.35 mm called foveola, cones are the only PRs we can
find, highly packed in a hexagonal shape. Lacking vascularization from the inner
layers, the only source of nutrients and oxygen for this area is from the choroid.

- the foveal rim, where all the downstream neurons receiving signals from the PRs
present in the foveal avascular zone are located. It is the thickest part of the

retina.

Figure 2. Main structure of the human retina. Image of the human ocular fundus. The macula, in the

center, appears as a dark area, while the optic nerve, on the right side, appears as a lighter disk.



The retina is composed of different cell types (Figure 3A), which are highly
organized into anatomically and functionally different layers as detailed in the next
sections. Briefly, following the light path, the retina is composed of (Figure 3B):

- the ganglion cell layer (GCL), consisting of neurons that indirectly collect the
processed information from the outer part of the retina. The axons of these cells
group together forming the optic nerve, which leavesthe eye and it is responsible
for transferring visual information to the following stages of image processing of
the visual system;

- the inner plexiform layer (IPL), where the synapses between the ganglion cells
and the upstream neurons are located;

- the inner nuclear layer (INL) contains the bodies of three different neuronal cells
types, bipolar cells (BCs), amacrine cells (ACs) and horizontal cells (HCs). These
cells allow signal transmission and its elaboration between the outer layerand the
ganglion cells in the GCL;

- the outer plexiform layers (OPL), which contains the synapses between PRs,
bipolar cells and horizontal cells;

- the outer nuclear layer (ONL), which contains the body of PRs.
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Figure 3. Retinal layers and cellular types. A) Retinal section stained with Hoechst to enlighten the

nuclear and the plexiform layers. The yellow arrow on the right indicates the direction of the impinging
environmental light. B) Schematic representation of retinal layers.



2 THEINFORMATIONPATHWAY

2.1 Photoreceptors

PRs are a specialized type of neuroepithelial cells capable to perform
phototransduction, a process that transforms visible electromagnetic radiation, light,
into biochemical signals able to trigger a change in membrane potential, a type of
information that the nervous system can elaborate.

PRs (Figure 4A) are composed of a central body, containing the nucleus and most
of the organelles, an inner portion, a synapse that brings the information to the inner
retina, and an external part, further divided into an inner segment (IS) and an outer
segment (OS), separated by a connecting cilium. The IS, rich in mitochondria and
ribosomes, is responsible for energy production and the proteins necessary to the
phototransduction process. Moreover, at the level of the connecting cilium, the IS
continuously creates the disks, membranous structures containing several
intermembrane proteins necessary to trigger the phototransduction process. Those
disks are piled together in the OS, the part of the PR where photons are captured
and chemically transformed into a change in membrane potential. This electrical
signal travels inwards until it reaches the synapsesin the OPL.

The OS (Figure 4B) goes under continuous renewal (Young 1967; Young and Droz
1968). Disks move from the base of the OS towards its apex, while their molecules
continuously activate phototransduction. At the tip of the OS, the disks shed and get
engulfed by the RPE cells (Young and Bok 1969). The rate between formation and
disposal of the disks is constant under healthy physiological conditions, while any
unbalance may lead to shortening or lengthening of the OS, causing malfunction and
disease. For example, mutation in the receptor-tyrosine kinase c-mer gene (Mertk),
encoding a membrane receptor that trigger phagocytosis of the shredded disks by
the RPE, lead to Retinitis pigmentosa (D’'Cruz et al. 2000; Gal et al. 2000), one of
the most diffuse retinal degeneration in humans that causes patchy visual alteration
and progressive loss of vision (Webster 1878).

PRs can be divided into rods and cones, different for physiology and morphology.
Rods compose 95 % of the total PRs, with an estimated 120 million cells in the human
retina reaching their higher concentration in the periphery (Figure 4C, top). Thanks
to their converging downstream network and high sensitivity, rods are responsible
for the scotopic vision and saturate above certain luminances. Rods display an
absorption spectrum that overlays cones’ spectra (Figure 4C, bottom), peaking at
497 nm (Bowmaker and Dartnall 1980), and have a slower response rate with a
threshold at 15 Hz (Hecht and Shlaer 1936). Furthermore, rods have a thinner
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Figure 4. The photoreceptors. A) Schematic representation of a rod (left) and a cone (right). B) SEM
image of the segments of both types of PRs. Rods are coloured in orange, while cones are represented
in green. (Credit RALPH C. EAGLE, JR. / SCIENCE PHOTO LIBRARY) C) Top: graph showing the density
of rods and cones in the retina on the visual field angle. The cone density is represented in red while
the rod density is in black (after Osterberg, 1935). In the bottom panel, a graph showing the spectrum
of absorbance of different PR pigments is depicted (dotted-grey for rods; blue for S-cones, green for

M-cones and red for L-cones).

elongated shape with longer OSs and disks piled up as independent units inside the
0OSs membrane. On the opposite, cones are much fewerin number, around 6 million
in the human retina, densely packed in the fovea, while their number decreases
moving towards the periphery (Figure 4C, top). Additionally, their low sensitivity,
coupled with high adaptability at different luminance ranges, makes them
responsible for daylight vision. Besides, cones can respond at a higher frequency,
giving the retina the maximum response frequency of 60 Hz (Hecht and Shlaer
1936), and are responsible for colour vision. Indeed, we can divide cones into three
types, depending on the pigment they produce (Figure 4C, bottom). The S-cones,
which absorb blue light peaking at 420 nm; the M-cones, which absorb green light
peaking at 533 nm; and the L-cones, which absorb red light peaking at 562 nm
(Bowmaker and Dartnall 1980). Finally, cones are much shorter and thicker than
rods, with a shorter cone-shaped OS, which membrane fusesin continuity with the
disks membrane. Interestingly, cones have a direct connection with output cells in

the fovea, which exquisitely increases the resolution of this area.



2.1.1 Phototransduction

Most of our knowledge about the phototransduction molecular events comes from
rod biological activity due to the greater ease of isolation and their sensitivity to
single photons in a dark-adapted state (Baylor, Lamb, and Yau 1979).

Phototransduction starts with the excitation of the PR pigment by a single photon,
which leads to a massive amplification through a biochemical cascade of reactions,
whose purpose is to change the OS membrane potential (Figure 5). The photo-
reactive molecule is formed by a polyene chromophore derived from vitamin A, the
11-cis retinal, covalently bound through Schiff’s base linkage to a lysine residue in
position 296 of a G-protein coupled receptor, called opsin, which has its
transmembrane domain in the OS disk membrane (Lamb 1996). Opsin is produced
by the PRs in different isoforms between rods, named rhodopsin, and cones, name
cone opsin. Moreover, different subtypes of cones express different cone opsin,
allowing our retina to perceive different colours (Yokoyama 2008).

When the 11-cis retinal is excited by a photon of the appropriate wavelength, the
molecule isomerizes, changing its conformation to all-trans retinal and inducing a
reduction of the rhodopsin molecule stability. This instability leads to a series of
transformations of 11-cis retinal, conducting to a series of reactive byproducts.
Between them, metarhodopsin II (MII) is crucial for the phototrasduction. Indeed. it
diffuses in the disk membrane and induces the catalytic activation of the G protein
transducin by exchanging a GDP molecule with GTP. MII is a peripheral membrane
protein formed by three different subunits, a, B and y, and its activation leads to a
structural modification that ends with the dissociation of the Ta-GTP subunit from
the T-By complex (Malinskiand Wensel 1992; Wensel 1993). Every molecule of MII
can activate hundreds of transducin molecules during its short life, leading to the
first step of the amplification cascade.

As for MII, Ta-GTP has a transmembrane portion which allows its diffusion in the
disk membrane. When Ta-GTP encounters the inactivated form of cGMP
phosphodiesterase-6 (PDE6), it binds it, forming a complex that increases the PDE6
enzyme kinetics of about 1000 times (He et al. 2000). PDE6 is a peripheral
membrane enzyme that transforms guanosine monophosphate (GMP) to cyclic-GMP
(cGMP), a cytoplasmic messenger that transmits the signal from the disk membrane
to the OS plasma membrane.

In the dark, cGMP concentration is maintained constantly high, in the order of
several uM (Nakatani and Yau 1988), thanks to the balanced activity between two
enzymes: the cytosolic guanylate cyclase (GCy) (Koch 1991; Shyjan et al. 1992),



which synthesizes cGMP from GTP (Yang and Wensel 1992), and the PDE6 (Miki et
al. 1975; Wensel 1993; Yee and Liebman 1978). At this concentration, cGMP
constantly binds the cGMP-gated cation channel (CNG) present on the OS membrane
(Fesenko, Kolesnikov, and Lyubarsky 1985), keeping them open and allowing the
entry of Na* and, as a consequence, the entry of Ca?* through the Na‘/Ca*
exchanger. This influx of positive charges in the OS is counter balanced by the
outflow of K* in the IS. Together, these currents, called dark current (Baylor 1996),
maintain rods resting potential around -40 mV, more depolarized than typical
neurons (Gordon, Brautigan, and Zimmerman 1992). The result is a constant release
of glutamate at the level of PR synapses with BCs.

The activation of the PDE6 brings to a rapid decline of the cGMP concentration,
which leads to immediate closure of CNG. This induce a consequent influx decrease
of both Na* and Ca?*, followed by hyperpolarization of the OS membrane potential
(Yau and Nakatani 1985). Consequently, the synaptic release of glutamate

decreases, signalling to the downstream network the presence of light.
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Figure 5. The phototransduction cascade. Schematic representation of the molecular cascade from
the capture of a photon to the closure of CNG. In the darkness, GCy synthetizes cGMP from GTP,
maintaining high its intracellular concentration and keeping open the CNG channel. Step 1, the photon
(Ph) is captured by the rhodopsin (R). Step 2, rhodopsin becomes Metarhodopsin II (R*) and activates
transducin (T), exchanging its GDP molecule with a GTP. Step 3, active transducin splits and the a-
transducin (Ta) starts fluctuating in the disk membrane. Step 4, a-transducin binds PDE activating it
(PDE*) and exponentially increases its catalytic activity. The conversion of cGMP to GMP by PDE*
overcomes its formation by GCy. cGMP cytosolic concentration rapidly decreases. The CNG, normally
open due to high concentration of cGMP molecules, loses most of the bounded cGMP and closes,

blocking the entrance of Na* and Ca?*.



Phototransduction process must be interrupted to allow the PR to return to its
resting potential. This is necessary to increase the temporal resolution of the
photoreceptorial activity. There are many mechanisms to shut down the activity of
crucial molecules like MII:

1) the enzyme rhodopsin kinase (RK), located on the disk membranes,
phosphorilates MII (Maeda et al. 2003), strogly reducing its affinity for
transducin.

2) the protein arrestin bind to MII (Gurevich, Gurevich, and Cleghorn 2008;
Palczewski 1994), blocking its residual activity.

3) Ta-GTP hydrolyzed either throught its intrinsic GTP-ase activity and by the
protein complex called GTPase activating proteins (GAPs) (Cowan et al. 1998;
He, Cowan, and Wensel 1998) Ta-GTP hydrolization decreases its affinity for
PDE6 (Krispel et al. 2006; Pugh 2006), gaining back the ability to bind to the
dimer T-By and return to the inactivate transducin.

4) the reduction of intracellular Ca2* that follows the closure of CNG. In the dark,
deactivates a calcium-binding protein of the calmodulin superfamily named
GCAPs, which usually bind and silence the activity of GCy (Koch and Stryer
1988). This mechanism allows restoring cGMP basal level in about 100 ms,
counteracting the action of PDE®6.

Altogether, these mechanisms allow cGMP to return to its dark state concentration,
closing the CNG channels and allowing both Na* and Ca?* to enter in the OS. The
restablishment of PR resting potential is transmitted to the synapses between PRs
and BCs, leading to the increase in glutamate release to the basal level. The
photoreceptor can now capture new photons and begin a new cycle of
phototransduction.

2.2 Vertical and horizontal retinal networks

While light has to cross all retinal layers outwards, the information acquired from
the PRs follows an inwards path to be sent to the brain. Indeed, downstream to the
PRs, other neurons cooperate in creating a vertical transmission pathwatwo, whose
main actors are the BCs. These neurons lead the information to the GCL, influenced
by two horizontal networks created by HCs in the outer retina and ACs, in the inner

part, modulating the information in the surrounding areas.
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Figure 6. Neuronal activation in the dark and in the light. In the dark (left), PRs are in their resting
potential (-40 mV) and release huge amount of glutamate in their synapses. Glutamate has different
effects on BCs, depending on their nature. The ON BCs (pink) will react hyperpolarizing their
membrane, therefore reducing the release of neurotransmitter to the RGCs, while the OFF BC (violet)
will depolarize, increasing their neurotransmitter release on the RGCs. Upon illumination (right), PRs
will start the phototransduction cascade and hyperpolarize the membrane. Its consequent reduction
of glutamate release will induce hyperpolarization in OFF BCs, while depolarizing the ON BCs

membranes and increasing neurotransmitter release at their synapses.

2.2.1 Vertical network

After phototransduction, the first to receive the visual information are the BCs that
works as a bridge between PRs and the RGCs, which collect and integrate data from
the surrounding portion of the retina (Figure 6). BCs have a radial distribution,
starting their dendrites in the OPL, where they form synapses with PRs and collect
inhibitory signals from HCs, and sending their axon in the IPL, where they
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communicate with RGCs and ACs. Contrarily from other neurons, which use action
potentials to transfer information along the axons, bipolar cells use graded potentials
to send their signal (Saszik and Devries 2012).

More than 10 types of BCs have been observed in the retina (Ghosh et al. 2004;
Wu, Gao, and Maple 2000). The first main dif ference has been observed by Santiago
Ramén y Cajal in 1893, who recognized and described the different axonal
stratification of BCs making synapses with either rods or cones (Cajal 1893). While
only one morphological type exists for rod BCs, with a ramified dendritic tree and an
axon that makes contact in lobulated terminals between IPL and GCL (Boycott,
Dowling, and Kolb 1969; WaSsle et al. 1991), at least nine typologies of cone BCs
have been identified, differing for number of cones they receive information from,
their dendritic branch pattern and the stratification of their axon terminals in the IPL
(Ghosh et al. 2004).

BCs can be further divided depending on their functionality, in ON and OFF BCs.
The former present a metabotropic receptor for glutamate (mGIuR6) that, when
activated, triggers an intracellular signaling cascade. This ultimately leads to the
closure of ionchannels for Na* and Ca?*, inducing a hyperpolarization of its
membrane (Tian and Kammermeier 2006). This mechanism maintains the ON BCs
hyperpolarized in the absence of light, allowing their depolarization only when the
release of glutamate from the PRs decreases. Contrarily, the OFF BCs can present
either kainate receptors (DeVries and Schwartz 1999) or AMPA receptors
(Brandstatter, Koulen, and Wassle 1997; Hack, Peichl, and Brandstatter 1999), both
of which open the ion channels when bound to glutamate, inducing depolarizationin
the dark and hyperpolarizing it in response to PR activation (DeVries 2000).

2.2.2 Horizontal network

While BCs create a vertical pathway that brings the information from the outermost
part of the retina to its innermost layer, HCs and ACs provide horizontal f eedforward
and feedback information between PRs and BCs in the OPL and between BCs and
RGCs in the INL respectively. Both interneurons share the same inhibitory synaptic
neurotransmitter, gamma-aminobutyric acid (GABA), but their functions are
generally different.

HCs bring negative feedback to the PRs networks, measuring the average intensity
of PRs activation in a local area while proportionally inhibiting sourounding PRs
response. This mechanism, called centre-surrounding antagonism, is crucial for
contrast enhancement and edge detection (Westheimer 2004).

11
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Figure 7. Receptive fields of retinal ganglion cells. A schematic representation of the receptive fields
of both ON (left) and OFF (right) RGCs. ON-center RGCs depolarize in response to spots of light that
hit their center, while Off-center RGCs depolarize when light hits only the periphery of their receptive

fields. HCs convey antagonistic signals from their surrounding and send them to both BCs and PRs,

indirectly influencing the RGC activity.

On the opposite, ACs are very different in morphology as well as in their functions.

They lack the axon and can be classified based on their receptive fields in narrow-

field (between 30 and 150 ym diameter), small-field (between 150 and 300 ym

diameter), medium-field (between 300 and 500 pm diameter) and wide-field (larger

than 500 pm diameter). They:

12

send feedforward signals to RGCs, tuning their receptive fields spatial and
temporal characteristics (Lee et al. 2016; Tien, Kim, and Kerschensteiner
2016).

send feedback signals to BCs, both outlining their receptive field and refining
their responses (Dong and Hare 2003; Flores-Herr, Protti, and Wassle 2001).
sum inhibitory signals to neighbouring ACs to regulate their feedforward
signals gain (Grimes etal. 2015).



An important type of ACs is the AII ACs, narrow field cells which connect the rods
network to the rest of the retinal system (Trexler, Li, and Massey 2005).

2.3 Ganglion cells

Retinal ganglion cells are both the last stage of elaboration of the visual information
in the retina and the messenger of this information to the higher parts of the brain.

Nowadays, thanks to exquisite works carried on by Steven Kuffler and Horace
Barlow, we know how every RGC receives informationfrom its receptive field (Figure
7), a small area of the retina from where the input information comes. Field sizes
can go from few dozen to hundreds of um, crossing other RGC's receptive fields to
increase the precision and enlarge the types of information that a RGC can send to
the brain (Barlow 1953; Kuffler 1953).

Ganglion receptive fields are composed of two concentric circular areas. When
stimulated with a certain light pattern, which differs for each RGCs subtype, the inner
circle will increase the firing rate of the RGC, while the outer area will decrease it
The former represents the area of the retina from which the RGC receives the
information from BCs, while the latter corresponds to the informationgiven by ACs
about the periphery surrounding the inner field. Interestingly, RGC higher responses
are obtained when the contrast of stimulation between the two areas of the retina is
maximal, while a diffuse illumination between the fields will only give a slight
variation of the firing rate (Kolb 2003).

RGCs can be divided, depending on the source of stimulus that induces their
maximal response, into:

ON-RGCs, which fire with the maximum rate when the inner field is lightened and
the outer field is in the dark;

OFF-RGS, which fire with the maximum rate when the inner field is kept in darkness
while the outer field is in the light;

ON/OFF-RGC, which fire when stimulated by both light and darkness.

The receptive fields can be visualized as "“Mexican hat” of excitation, a
tridimensional gaussian with the positive peak in the inner field and a negative area
representing the outer field for ON-RGCs, but reversed for the OFF-RGCs. Moreover,
the size of the “hat” will be depending on the size of the receptive field, being larger
for RGCs with large receptive fields and smaller for the one with small receptive fields
(like RGCs in the fovea) (Kolb 2003).

13



2.4 Cells supporting retinal vision

2.4.1 Retinal pigment epithelium

The RPE is a single-layer epithelium composed of hexagonal polarized cells, closely
apposed through tight junctions on their lateral surfaces (Miller and Steinberg 1977;
Steinberg 1985). Their apical membrane faces the PRs, engulfing their OS with long
microvilli, while the basal membrane faces the Brunch’s membrane and the choroid
(Bok 1993; Steinberg 1985; Strauss 2005). RPE is an essential component of the
visual process and interacts with PRs in several ways (Figure 8).

First, RPE cells are rich in melanin, a dark pigment stored in melanosomes, also
called pigmented granules (Loskutova et al. 2013), which absorbs the uncaptured
light that crosses the PRs and avoids overexposure of the OS (StrauB3 2016). This
mechanism increases image resolution by absorbing the scattered light and protects
PRs from excessive light, which generates oxidative stress (Noell et al. 1966).

Thanks to their close lateral relations, RPE cells form part of the brain-retina barrier
(BRB), which is fundamental to isolate the outer retina from systemic interferences,
to create the immune privilege of the eye and a mechanism of selective bidirectional
transport with the blood. Indeed, RPE cells actively transport from the blood glucose,
expressing the membrane transporters GLUT1 and GLUT3 (Ban and Rizzolo 2000;
Deguchietal. 1994), retinol transformed in 11-cis retinal and transported to the PRs
(Pfeffer et al. 1986), and Q-3 fatty acids essential for the formation of the OS disk
membranes (Bazan, Gordon, and Rodriguez de Turco 1992; Bazan, Rodriguez de
Turco, and Gordon 1994). At the sametime, active transport to the blood is essential
to eliminate metabolic water, through active CI" transportation (Hu et al. 1994;
Hughes and Takahira 1996) and expression of aquaporin-1 channels (Hamann et al.
1998; Stamer et al. 2003), metabolic end products such as lactic acid (Hamann et
al. 2003), and to maintain the homeostasis of the subretinal space through buffering
the K* concentration in the subretinal space (Steinberg, Linsenmeier, and Griff
1983).

Moreover, RPE has a crucial role in visual function. Since PRs do not express re-
isomerase, all-trans retinal needs to be delivered to the RPE, where it is re-
isomerized before being sent back to the OS. This series of crucial steps for the
renewal of the visual pigmentis called the visual cycle (Saari 2016).
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Furthermore, RPE preserves PRs morphology through the diurnal phagocytosis of
exhausted disks of the OS (Steinberg 1985). Several crucial proteins are involvedin
this process, such as CD36, required for OS internalization, avp5 integrin, that
mediate the binding to the OS membrane, and Mertk (Feng et al. 2002; Finnemann
and Silverstein 2001).

Besides, RPE communicates with the surrounding cells via secretion of several
factors such as ATP, fibroblast growth factors (FGF), fas-ligand (fas-L), vascular
endothelial growth factor (VEGF) and pigment epithelium-derived factor (PEDF)
(Strauss 2005). While some of them, like PEDF, which inhibits PRs apoptosis
(Cayouette et al. 1999), and VEGF, which stabilizes choroidal endothelium (Witmer
et al. 2003), are continuously secreted, the others are released only under stressful
conditions, such as metabolic stress or hypoxia (Pan et al. 2006).

Finally, neurotrophic factors released by RPE, such as monocyte chemotactic
protein-1 (MCP1) (Austin et al. 2009) and interleukin-8 (IL-8) (Relvas et al. 2009),
together with the tight physical barrier formed by the epithelium, are essential for
the creation of the immune privilege of the eye (Ishida et al. 2003; Streilein 1999;
Zamiriet al. 2007).

EPITHELIAL VISUAL
PHAGOCYTOSIS yRANSPORT CYCLE

aunr ybiL

Fenestrated endothelium

Vitamin A VEGF
Glucose

Figure 8. Retinal pigment epithelium functions. Schematic image representing the RPE cell functions

and their relationships between each other and neighbouring cells.
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Diseases affecting RPE cells impair the functionality of the neuroretina, slowly
leading to degeneration and vision loss. Among this category of pathologies, a
famous example is the Leber Congenital Amaurosis type (Chung and Traboulsi 2009),
for which a gene therapy treatment was recently approved on American and
European markets. Other retinal diseases involving RPE include Stargardt disease
(Lenis et al. 2018), age-related macular degeneration (Allikmets et al. 1997) and
Gyrate atrophy of the choroid and retina (Takki and Milton 1981).

2.4.2 Retinal glia

Like the rest of our central nervous system, retinal functions and structure need the
support of several specialized glial cells. Those cells are the Miller cells, Astrocytes
and Microglia.

Miller cells (Figure 3A) share with PRs the same embryological progenitor (Turner
and Cepko 1988). They are long radial cells that go through the whole retina, with
the nucleus located in the INL. The human retina contains between 4 and 5 million
Miller cells (Bringmann et al. 2006), which contribute in several ways to retinal
functions:

- they form the inner and the outer limiting membrane, physical and functional
supports of the retina, limiting the diffusion of substances from and to the outside
of the retina (Bringmann et al. 2006). The inner limiting membrane (ILM)
separates the retina from the vitreous body, while the outer limiting membrane,
rich in tight junctions, is located at the level of the PR connecting cilium, between
the IS and the OS;

- they performin situ glycogen synthesis, glycogenolysis and anaerobic glycolysis,
playing an essential role as active transporters of glucose through the BRB and
adapting their metabolism to the needs of surrounding neurons (Puthussery et al.
2006);

- they uptake and inactivate both inhibitory and excitatory neurotransmitters, such
as glutamate, GABA and glycine (Biedermann et al. 2004);

- they synthesize and release glutamine, the glutamate precursor, and carbonic
anhydrase, essential to the regulation of both intra- and extracellular volume and
pH through the conversion of CO, and water in bicarbonate (Linser, Sorrentino,
and Moscona 1984; Nagelhus et al. 2005; Riepe and Norenburg 1977);

- they regulate the extracellular homeostasis by balancing the K* concentration in
the extracellular fluid, redistributing it in different layers and the posterior

chamber, contributing to the formation of several components of the
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Electroretinogram, such as the b wave (Miller and Dowling 1970; Newman and
Odette 1984) and the slow P3 (Karwoskiand Proenza 1977).

Astrocytes (Figure 3A) do not originate from the retinal neuroepithelium, but
migrate in the developing retina from the brain through the optic nerve (Stone and
Dreher 1987). They play a crucial role in the neovascularization of developing retina,
preserving the BRB integrity and vascular stability in adult retinas by endothelial
proliferation inhibition (Luna et al. 2010).

In healthy retinas, astrocytes are localized in the innermost part of the retina, where
there is a high vasculature, presenting a morphology that goes from symmetrical
stellate to highly lengthened while moving from the periphery to the optic nerve
(Reichenbach and Bringmann 2020). Moreover, they cannot be found in the fovea,
probably due to the absence of vascularization of that area.

Finally, astrocytes function includes the formation of the BRB, surrounding
capillaries and RGC axons with their branches, and a support role for nearby neurons,
suppying both nutrition and regulation of the homeostasis of pH, potassium levels
and neurotransmitters (Bay and Butt 2012; Newman 1988).

Microglia (Figure 3A) has a role in immuno-surveillance and immunological
tolerance, having an anti-inflammatory phenotype crucial for the immune privilege
of the retina (Zamiri et al. 2007). In humans, it can be divided into perivascular
microglia, which controls the materials entering from the blood flow, and
parenchymal microglia, a motile ramified cellular type that scouts the retinal matrix
(Provis, Diaz, and Penfold 1996). Interestingly, microglial motility is increased under
conditions of retinal stimulation, increasing with glutamatergic stimulation and
decreasing after GABAergic neurotransmission (Fontainhas et al. 2011). Moreover,
essential microglial functions include the removal of pathogens, toxic byproducts and
cell debris, and the production of anti-inflammatory cytokines and neurotrophic
factors (Bodeutsch and Thanos 2000; Langmann 2007; Mccarthy et al. 2013).

In a healthy retina, microglia appear as multipolar cells with irregular processes
surrounding a small cell body, localized in inner retinal layers (Chen, Yang, and
Kijlstra 2002). When activated, they modify their morphology withdrawing their
branches, enlarging their cell body and migrating in the outer layers of the retina,
like the ONL, where they begin to phagocytize PR and other cells residual bodies.
Moreover, several molecules released by activated microglia, such as reactive
oxygen species (ROS) matrix metalloproteinase, pro-inflammatory cytokines and
prostaglandins, can induce chronic PR degeneration (Langmann 2007). They can also

migrate as a precursor in the retina from the blood flow during inflammation,
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increasing their number and activity (Langmann 2007). In some cases, if the insult
persists, their action can be counterproductive due to massive phagocytosis of
healthy neurons and overproduction of inflammatory cytokines.

Moreover, microglia containing PR debris has been found circulating in the body,
working as antigen-presenting cells and finally activating immune responses against
the retina (Raoul et al. 2008). Several retinal diseases, like age-related macular
degeneration (AMD), glaucoma, and several forms of diabetic retinopathy often
display an abnormal microglial activity (Fletcher 2020). Finally, with advancing age,
microglia accumulates in the subretinal space, recruited by the lack of clearance of
the PR wastes by the RPE (Buschini et al. 2011).

2.5 Electrophysiologica evaluation of retinal activity

Retinal electrical activity induced by light can be quantified to evaluate retinal
health. A gold standard tool for the diagnosis and the follow up of several retinal
pathologies is the Electroretinogram (ERG), which consist in a non-invasive analysis
that deploy electrical potential variation following light stimulation. By using different
light stimulus, it is possible to obtain information from radial extracellular currents
elicited from different retinal components, such as PRs, inner retinal cells or even
the RGCs.

Granit (1933) studies on cat’s ERG proved how the ERG response can be divided in
three components, P-I, P-II, and P-III (Granit, 1933). Granit’s work paved the way
for following pharmacological investigations that have revealed the physiological
mechanisms behind the localization of the different components in different retinal
layer. P-IIl is a negative part that can be further divide in a fast P-III, originated by
PRs’ hyperpolarization (Penn & Hagins, 1969; Sillman et al., 1969b), which compose
the a wave, and a slow P-III (Sillman et al., 1969a), originated by MCs potassium
buffering activity. The summation of P-II and P-III create a positive slower wave
(Pepperberg et al., 1978) that forms the b wave. This part is produced by rise of
potassium in the plexiform layers, induced by the ON-BCs (Dick & Miller, 1985),
RGCs and ACs (Karwoski & Proenza, 1980; Dick & Miller, 1985). Finally, a third wave,
called c wave, is created by P-I and P-II together, which is formed by the RPE cells
(Noell, 1954; Steinberg et al., 1970). Other minor components, such as the early
receptor potential (ERP), which originates from the dipole changes in the opsins and
precede the a wave (Hodgkin & Obryan, 1977), and the oscillatory potentials (OPs),
an oscillating wave originating in the IPL probably because of ACs, BCs and RGCs
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activity (Heynen & Van Norren, 1985a, 1985b; Wachtmeister & Dowling, 1978;
Yonemura & Kawasaki, 1979), contribute to the formation of the complex ERG wave.

Indeed, analyzing the amplitude of the two major components, the a, and the b
wave, obtained from a single short flash (around 5 ms) on a dark-adapted retina,
allows the physiologist to obtain crucial information on retinal physiology and consent
the diagnosis of pathological condition even in an early state.

Moreover, ERG allow the isolation of retinal responses related to the cones circuitry,

which are less incline to bleach their activity in photopic conditions compared to rods.
This light-adapted response is slightly different from the dark-adapted one, with a
smaller a wave in humans (almost absent in rodents) due to the smaller numbers of
cones compared to rods. The amplitude of the positive peak measures the activity of
the inner retinal network exclusively activated by cones, and therefore is a useful
index of cone health and activity.
While the reduction of the ERG response amplitudes is characteristic of the
progression of the pathology, the preservation of the amplitude over time in patients
affected with neurodegeneration is a proof of the efficacy of the therapy and can be
used both in preclinical and human studies (Chen et al. 2006; Fiorani et al. 2015;
Maccarone et al. 2008; Piccardietal. 2012).
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3 OXIDATIVE STRESSIN THE RETINA

3.1 The stressful environment of the retina

The human retina is constantly under high stress due to environmental and intrinsic
factors. First, the process of vision cannot exist without light, which is known to
cause lipids and proteins oxidation due to a specific component, the ultraviolet (UV)
light. UV light falls between the visible light and X-rays of the electromagnetic
spectra, among 100-350 nm wavelength, and it is characterized by a high reactivity
with biological tissues. It induces ROS formation in organic tissues by reducing
catalase affinity for H.O, (Heck et al. 2003), thus increasing the production of Oy
(Deliconstantinos, Villiotou, and Stavrides 1996). The principal UV light source is
sunlight, but our eyes can be exposed to artificial UV from fluorescent lamps, work-
related exposures or medical treatments (de Jager, Cockrell, and Du Plessis 2017).
Rhodopsin itself, when photobleached by light, become a source of ROS and cellular
damages (Grimm et al. 2000).

Our eyes have developed different mechanisms to reduce the damage induced by
light, like the pupillary reflex, which allows only the necessary light to pass across
the pupil, and the presence of pigments in the RPE, which absorb the uncaptured
light avoiding it to be a bounce-back on PRs. We also use artificial solutions to shield
us from UV light, like sunglasses and UV filters for indoor exposition.

Retinal function requires a vast amount of oxygen and nutrition. PR’s metabolism
is mainly based on glucose reduction and does not differ from neuronal metabolism.
Furthermore, their need for oxygen can be up to 4 times higher than any neuronin
the cortex at its maximum activity (Stone et al. 2005; Yu et al. 2007) This
astonishing oxygen consumption reaches its peak while the retina is in darkness
(Stone et al. 2005), making it impossible to prevent. These surprising needs
underline the PR’s necessity for continuous blood flow, provided by the choroid.
Unfortunately, oxygen is a double-edged sword for life. On one side, it allows the
production of a vast amount of energy by the mitochondria (Li et al. 2013) but, on
the other side, the same process creates a huge amount of ROS, which could damage
the PRitself.

Continuous shredding of exhausted disk in the OS followed by their phagocytosis
and disruption by the RPE can create a series of waste products, like lipofuscin or
A2E, which are photo-reactive and induce lipid peroxidation and protein oxidation
(Godley et al. 2005; Wasselletal. 1999).

Additionally, different diseases and unhealthy habits can negatively impact on
retinal health. The major risk factor for retinal degeneration, such as AMD, is by far
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cigarette smoke (Seddon 1996), which increases the onset prevalence up to 3 fold
(Bird et al. 1995), reduces the avarage age of incidence of 10 years compared to
non smokers (77 years) and speeds up the progression of degeneration (Mitchell
2002). Together with other risk factors, such as pollution, poor uptake of vitamins
or omega-3 fatty acids (Lim et al. 2012), blue light from screens exposition (Lin et
al. 2017), as well as diabetes (Montesano et al. 2021), obesity and cardiovascular
diseases (Chakravarthy et al. 2010), smoking can dysregulate physiological retinal

balance, increase ROS level and inflammation, leading to retinal degeneration.

3.2 Reactive oxygen species

ROS are very reactive molecules normally present in our organism. Their production
is essential to regulate many physiological functions, such as gene expression, cells
proliferation and immune response (Bardaweel et al. 2018; Drége 2002). ROS can
be divided into free radicals, like superoxide anion (Oz"), hydroxyl radical (OH") and
singlet oxygen (102), which are highly reactive due to their uncompleted pair of
electrons, or non-free radicals, like ozone (O3) and hydrogen peroxide (H20), which
can indirectly induce ROS production (Wang, Chin, and Almeida 2021). Indeed, H.O:
has low reactivity per se but can easily penetrate membranes and form OH" via
Fenton’s reaction (Turrens 2003).

H.O; + Fex+ — Fes+ + OH™ + OH'

Under physiological conditions, our retina is continuously fighting the production of
ROS, thanks to the synthesis of antioxidants, molecules able to neutralize ROS before
they can react with cellular structures, and through the continuous repairing and
renewal of the damaged molecules (Nishimura et al. 2017). Antioxidants can be
classified in enzymatic and non-enzymatic depending on their activity. The first line
of cellular defense are the endogenous enzymatic antioxidants such as catalase,
copper-zinc superoxide dismutase (SOD1) and manganese superoxide dismutase
(SOD2), glutathione reductase (GR) and glutathione peroxidase (GPx) (Droge 2002).
While SOD1 and SOD2 convert superoxide to oxygen and peroxide, catalase and GPx
convert hydrogen peroxide in H:O and O, (Wang et al. 2021). Furthermore, non-
enzymatic antioxidants and small molecular weight, such as vitamin, C and E,
flavonoids, carotenoids, curcumin, melatonin and bilirubin, are involved in the
defense against ROS damages (Wang et al. 2021), but many of them cannot be
produced by mammals and must be taken through the diet.

21



3.3 Oxidant/antioxidant unbalance

Unfortunately, due to pathological conditions, such as environmental stress or
ageing (Jadejaand Martin 2021), the balance between ROS production and the cell
defences eventually fail, leading to lipid peroxidation, DNA mutations, apoptosis and
neurodegeneration (Evans, Dizdaroglu, and Cooke 2004). This can compromise
retinal physiology, inducing the immune system to carry out a mild inflammatory
response, described as a para-inflammation, to reestablish retinal homeostasis (Xu,
Chen, and Forrester 2009).

Several proofs of oxidative stress involvement as a pathological agent of
neurological diseases have been reported (Carocci et al. 2018; Picca et al. 2020;
Yaribeygi et al. 2018). In this respect, the retina is particularly vulnerable to
oxidative damage, being chronically exposed to light (B. Doménech and Marfany
2020), as demonstrated by the presence of oxidative products in Brunch’s membrane
of retinas from AMD donors (Beattie et al. 2010; Yuan et al. 2010).

Indeed, every retinal component showed damages or cell death under oxidative
stress. In vivo experiments of exposure to white light in albino rats (Benedetto and
Contin 2019) and induced hypoxia conditions in retinal degeneration 8 (rd8) mice
(Lajko et al. 2017) have shown to increase the death of PRs, which display
peroxidation and increased NADPH oxidase 4, both related to ROS overproduction
(Hadziahmetovic and Malek 2021).

Moreover, the intense phagocytic activity, an energy consuming process that
stresses mitochondria (Mao et al. 2014), together with the close proximity to the
choroid (Alm and Bill 1970), the strong photo-oxidative stress coming from the apical
side (Beatty et al. 2000) and accumulation of metabolic products, like A2E and
lipofuscin (Sparrow and Yamamoto 2012) also put RPE under intense oxydative
stress. Besides, a protective effect against phototoxic stress of the RPE has been
shown in vitro after treatment with sulforaphane, an Nrf2 activator (Gao and Talalay
2004), glutathione (Sternberg et al. 1993; Yoon et al. 2011), vitamin E, vitamin C
and beta-carotene (Kagan, Liu, and Hutnik 2012).

Microglia recruitment in the retina leads to augmented phagocytosis and pro-
inflammatory factors concentrations, impacting the tissue's morphological integrity,
therefore, its functionality. Microglia are also involvedin the condition of unbalanced
ROS production. Indeed, in the retina of mice exposed to bright light, retinal
degeneration and PR death have been associated with the migration of microglial
cells in the ONL (Wang etal. 2014).
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3.4 Antioxidants as therapeutical agents

In the last decades, several treatments aimed at contrasting oxidative stress have
proved to be effective, providing further evidence regarding ROS involvement in
several forms of retinal degeneration.

The age-related eye disease studies (AREDS, AREDS2) unveiled the therapeutic
potential of antioxidants against retinal degeneration, focussing on AMD. The AREDS
study consists in dietary intake of vitamin C, vitamin E, beta-carotene, copper and
zinc, showing a high variability in the results compared to the placebo, with a 85%
reduction in the progression for some patients and a 300% increased risk of
progression for others (Seddon, Silver, and Rosner 2016). This difference has been
attributed to the genetic variability and the different aethiologies of the disease
across patients (Vavvas et al. 2018). AREDS?2 started few years later, exploring
different compositions of antioxidants and adding omega-3-fatty acids, lutein and
zeaxanthin. This study demonstrated an improvement in patients having beta-
carotene replaced with lutein and zeaxanthin, with a reduction of the progression of
dry AMD to the advanced stages up to 10% compared to the placebo (Chew et al.
2013).

Another proof of concept has been given by Resveratrol, a phenolic phytochemical
produced by several plants againstinjuries and phatogens, able to suppress the UV
induced H,O, production in the OS (Calzia et al. 2015) and reduce the damage
induced by A2E accumulation in vitro.

Moreover, Edaravone, a well-known free radical scavenger (Minnelli et al. 2019)
has shown efficacy in in vitro and in vivo models of retinal degeneration, showing
reduction of ROS, lipid peroxidation and endothelial cell proliferation induced by VEGF
(Imaiet al. 2010; Masuda et al. 2016; Shimazakietal. 2011).

Unfortunately, despite the promising results, the patient’s compliance has a crucial
importance in determining the final results of these therapies.
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4 AGE-RELATED MACULARDEGENERATION

Age-related macular degeneration (AMD) is a neurological disease that affects the
human fovea, causing a progressive decrease of central vision, in some cases,
leading to total blindness (Coleman et al. 2008; Lim et al. 2012). In the industrialized
countries, AMD is the leading cause of visual impairment and blindness in the elderly
(Apte 2021), affecting around 10% of the total population over 65, with over 190
million people affected worldwide (Kawasaki et al. 2010; Klein, Klein, and
Cruickshanks 1999; Wong et al. 2014). With an estimated global cost of more than
300 billion dollars every year (Apte 2021) and a predicted number of people that will
suffer from this disease up to 300 million in 2040 (Wong et al. 2014), the economic
interestin finding a cure is extremely high.

Moreover, AMD has a highly negative effect on patients’ life. Indeed, people affected
with AMD are more subjected to develop depression, report major life stress and
have poor physical activity than healthy peers (Brody et al. 2001) or age-matched
patients suffering of other serious chronic health diseases (Mitchell and Bradley
2006). Furthermore, it has been shown that AMD patients have an increased risk of
negative outcomes in daily activities (Gopinath et al. 2014), often getting injured by
either falling or other accidents with additional costs for the family and the healthcare
system. Altogether, finding new therapies that may both reduce the financial burden
and improve people quality of life.

A

Figure 9. Fundus of different AMD subtype. A) Geographic (dry) AMD, characterized by macular
degeneration (blue arrow) and presence of randomly dispersed large drusen (red arrows). B)

Neovascular (wet) AMD is characterized by subretinal exudate, indicated with red arrows.
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4.1 Aetiology

AMD is a complex multifactorial disease, and despite the intense research done in
the last decades, most of the causes and the molecular mechanisms behind this
pathology are yet to be revealed. Age is by far the major risk factor for the onset of
AMD. Indeed, the vast majority of people affected are over 60 years and the
prevalence rises along with ageing, reaching 13% of incidence in people over 85
(Smith et al. 2001).

Nevertheless, both environmental and genetic features have been proved to be
significant risk factors for AMD onset. Smoking for more than 40 years has been
associated with a 4-fold increased risk of AMD (Khan et al. 2006). Moreover, C57BI6
mice chronically exposed to cigarette smoke (5 h/day, 5 days/week for 6 months),
displayed RPE apoptosis and abnormalities, such as increased intracellular vacuoles
and basal laminar deposits, accompanied by Brunch’s membrane thickening
(Fujihara et al. 2008) together with an earlier onset of PR degeneration (Mitchell
2002; Smith et al. 2001). Moreover, an increased risk of AMD has been reported
associated with uncontrolled hypertension (increased risk of progression in late
neovascularAMD)(Klein et al. 2003), obesity (Seddon 2004), high fat rich diet
(Uranga et al. 2010), alcohol consumption (Adams et al. 2012) and sunlight exposure
(Taylor etal. 1990).

The iris colour was the first genetic factor associated with increased AMD incidence

(Smith etal. 2001). Nowadays, around 34 genetic loci correlated with increased AMD

onset have been identified (Fritsche et al. 2016). Those genes codify for proteins

involved in DNA repair, cell signalling, lipid metabolism, protein binding and collagen
production (Apte 2021). However, the mutations associated with highest risk are the

genes encoding complement factor H, like ARMS2 and HTRA1 (Strunz et al. 2020).

Traditionally, AMD (Figure 9) has been classified into two subtypes:

- geographic AMD, also called dry AMD (Figure 9A), is characterized by multifocal
atrophy of the RPE and the neurosensory retina with demarcated borders, which
may or may not involve the foveal centre (Ferris et al. 2013; Spaide, Fujimoto, et
al. 2018). Moreover, RPE abnormalities, hyperpigmentation and choriocapillaris
loss are also present (Malek and Lad 2014; Mullins et al. 2011). Dry AMD
represents around 90% of the total cases, has a slow progression and leads to
blindness only after decades;

- neovascular AMD (Figure 9B), or wet AMD, presents choroidal neovascularization
able to penetrate the Brunch’s membrane in the foveal area. It can lead to
intraretinal fluid leakage or subretinal or sub-RPE haemorrhage, lipid exudates
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and RPE detachment (Ferris et al. 2013; Spaide, Fujimoto, et al. 2018). The end-
stage of wet AMD is often accompanied by “disciform” scarsin the fovea, causing
permanentloss of central vision (Ferris et al. 2013; Spaide, Ooto, and Curcio
2018). Even if this form represents only 10% of total AMD, its quick progression
leads to blindness in a few years.

It is essential to underline that the two AMD forms are not mutually exclusive.
Indeed, atrophic AMD may present neovascular lesions, while wet AMD can cause
retinal atrophy (Hadziahmetovicand Malek 2021).

AMD can be classified into two main stages: early AMD and late AMD (Figure 10).
Early AMD is characterized by drusen, deposits of heterogeneous material located
between the RPE basal membrane and the inner collagenous layer of the Brunch’s
membrane (Green 1999), mainly present in the macula region. They are formed by

NEOVASCULARIZATION
and EXUDATE

HEALTHY

DRUSEN

DRY

DRUSEN
(large)

Figure 10. Progression of age-related macular degeneration. Schematicimage representing various
stages of AMD progression. On the left is shown a cartoon of the healthy retina. The early stage of
the disease (middle) is characterized by drusen accumulation between the RPE basal membrane and
the Brunch’s membrane. The progression of the disease can lead to wet AMD (top right), characterized
by neovascularization with exudate, or to dry AMD, characterized by enlargement of the drusen. Both
forms of AMD lead to RPE cell and PR death.
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cholesterol (morethan 40%) (Lietal. 2007), zinc and iron ions (Curcio et al. 2009),
and a plethora of different proteins (129 identified nowadays), including f-amyloid,
several types of apolipoproteins and proteins of the complement system (Curcio et
al. 2009; Rudolf et al. 2008). Drusen can be classified in small (less than 63 um
diameter), medium (between 63 and 125 pm), or large (morethan 125 pm) (Curcio
et al. 2013). Only medium drusen are specific of the early stages of AMD because
small drusen could form during ageing without leading to the pathology (Coleman et
al. 2008). Moreover, their size, shape and density are determinants for the
progression of the disease (Davis et al. 2005), with soft, large and confluent drusen
associated with a higher risk of progression to the late stage of either dry or wet
AMD (Hadziahmetovic and Malek 2021).

The importance of the choriocapillaris network integrity has been proven for both
forms of the advanced form of AMD (Chirco et al.), observed as choriocapillaris
density dropout and choroid thinning in humans retinas (Mullins et al.; Choi et al.).
Moreover, while in dry AMD the RPE loss seems to precede the choriocapillaris
damage (Mcleod et al.), in the wet form the choriocapillaris loss occurs in regions
where the RPE is still intact (Moreira-Neto et al.).

4.2 Therapeutic strategies

Before the year 2000, being diagnosed with wet AMD meant blindness, because no
treatments were available to counteract neurodegeneration. The first hope was given
to patients when, in 2004, FDA approved Macugen, an anti-angiogenic drug
developed by Eye Tech Pharmaceuticals, able to slow down the progression of the
disease. Since then, the discovery of many new and more effective medications has
followed. Three treatments are available nowadays for wet AMD, all sharing the same
principle of action, focusing on the blockage of the vascular endothelial growth factor
(VEGF) (Hadziahmetovic and Malek 2021). In 2006, FDA approved Ranibizumab
(Lucentis, Genentech), which is a recombinant humanized antibody fragment (Fab)
able to bind, therefore inhibit, all forms of VEGF-A (Brown et al. 2006; Rosenfeld et
al. 2006). Five years later the recombinant antibody Aflibercept (Regeneron
Pharmaceuticals) was approved by FDA. It is created by combining the constant
region of human immunoglobulin G with the extracellular domain of the VEGF
receptor 1, working as a decoy to reduce the soluble VEGF in the extracellular fluid
beforeit can activate angiogenesis. The greater benefit of this drug is the long half -
life of the protein, which reduces the frequency of intravitreal injections (Schmidt-
Erfurth et al. 2014). The third drug in use for wet AMD treatment is Bevacizumab
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(Avastin, Genentech), a full-length humanized monoclonal antibody able to bind
VEGF-A and reduce neovascularization, having a longer half -life than all the other
antiangiogenic drugs (Ferraraetal. 2004; Ferrone et al. 2014; Rofagha et al. 2013;
Schmidt-Erfurth et al. 2014; Wang etal. 2004).

In the last years, a plethora of new medications were studied either targeting VEGF-
A, such as Brolucizumab, a recombinant antibody targeting all the three major
isoforms of VEGF-A (Dugel et al. 2020), and Lumitin, which inhibits also placental
growth factor (PIGF)(Calugaru and Calugaru 2019; Liu et al. 2019), or acting as
combination therapies to improve anti-VEGF-A treatments, as OPT-302, which
targets VEGF-C and VEGF-D (Al-Khersan et al. 2019). All of them require frequent
injections, creating an enormous burden for the patient and the healthcare system.
Moreover, frequent injections are associated with higher risk of cataract formations,
retinal detachment and vitreous haemorrage (Huang and Chau 2019).

Gene therapy has the potential to improve the quality of life of people affected by
AMD, mostly because either only one or a few injections may be sufficient to induce
a permanent rescue from the disease. Gene therapies encoding for an antibody
fragments able to inhibit VEGF and ADVM-022, or an Aflibercept gene therapy
product, are actually under development (Al-Khersan et al. 2019). Modern gene
therapies are based on adeno-associated viral (AAV) vectors (such as RGX-314),
able to transduce efficiently both RPE and photoreceptors. Unfortunately, their
relatively small payload does not allow to pack large molecules of DNA, therefore
limiting the number of diseases treatable with this vector (Daya and Berns 2008;
Vandenberghe and Auricchio 2012). Non-viral vectors like nanoparticles can be
prepared in order to achieve entry in both photoreceptors and RPE cells and have
larger DNA payloads than AAV vectors. Finally, it is essential to mention the non-
invasive strategy that exploits the use of eye drops to deliver a VEGF-2 receptor
antagonist, Pazopanib (PAN-90806 from PanOptica)(Al-Khersan et al. 2019; Hussain
and Ciulla 2017; Patra et al. 2018), which may lead the future for crucial
technologicalimprovement.

A controversial contraindication of VEGF inhibitors is that VEGF -A overexpression is
a retinal survival mechanism induced by the overproduction of ROS. Indeed, a SOD-
/- mouse model, developed by Imamura and collaborators (Imamura et al. 2006),
shows human-like neovascularization similar to AMD. This finding, together with the
ineluctable visual worsening in about one-third of the patients treated with VEGF
inhibitors (Bhisitkul et al. 2015; Moutray and Chakravarthy 2011; Rofagha et al.
2013), may suggest the possibility that finding new strategies able to either support
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anti-VEGF therapies or act upstream of the VEGF pathway may promote more
beneficial effectsin blocking the neurodegeneration.
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5 LIGHT DAMAGE ANIMAL MODEL

5.1 Rodent visual system

Rodents' eyes are very different from other species from anatomical and
physiological points of view, reflecting different evolution demands from their vision.
For example, rats' eyes present a substantial difference in their lens, which is thicker
and less elastic, providing them with a worse long-distance focus than human sight.

Moreover, rats' evolution as nocturnal animals resulted in a higher density of rod
photoreceptors (4-6 fold higher in all retinal areas) than other mammals (Wang et
al. 2021). Therefore, their retinas present no macula with a lower density of cones
throughout the whole retina (Baylor 1996). In addition, rats possess only two types
of cones, the G cones, with a similar absorption spectrum of its human counterpart,
and the S cones (Szél et al., 1992; Szél & Réhlich, 1992), which peak sensitivity is
shifted towards a shorter wavelength, allowing them to see in the UV spectrum
(Jacobs et al., 1991). The result is a much lower visual acuity under daylight
conditions, reflected in the photopic ERG response. Indeed, Sprague Dawley (SD)
rats show no a wave (an index for cones activity evaluation) in the photopic
electroretinogram compared to monkeys, having the closest visual system to
humans, with little difference in the b wave amplitude (Lei, 2003).

Nevertheless, rodents are a raw but good model for the investigation of several
human retinal pathologies. The Royal College of Surgeons rat provides an exquisite
example of the similarity between rats and human retinal physiology. RCS rat is a
vastly used animal model of retinal degeneration. Indeed, defective phagocytosis of
the exhausted OS, caused by a mutation of the gene Mertk (D'Cruz et al., 2000),
induces PRs degeneration by an abnormal elongation of the OS, with consequent loss
of function. Likewise, a mutation involving the human orthologue gene MERTK (Gal
et al., 2000). A mutation of this gene induces a form or retinitis pigmentosa in
humans characterized by the same OS phagocytosis defect, which cause the
elongation of PRs’ OS that eventually led to blindness through an analogous PRs
death pattern.

Importantly, the absence of a macula or a similar structure in the rodent's retina
can limit the study of AMD in mouse models. However, peripheral areas of the human
macula present a lower density of cones than the areas in the same eccentricity in
the rodent's retina. Since peripheral degeneration with rod loss is part of the
pathogenesis of AMD, the mouse rodent retina can still represent an acceptable
model of the same pathogenic processes (Wang et al. 2021). Moreover, exposure to
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light in dim light reared rodents (e.g., rats) has shown localized degeneration with
morphological and molecular similarity to human macular degeneration.

5.2 Lightdamage

The damage induction in the retina through exposure to high-intensity light, called
light damage (LD), has been widely investigated in translational medicine to
understand the mechanism beyond PR degeneration and test the efficacy of new
therapeutic approachesin vivo.

Nowadays, even if the exact processes behind retinal LD are not understood, we
know that this induced neurodegeneration is a multifactorial process involving both
genetic and environmental factors, many of which seem to be shared between
species (Organisciak and Vaughan 2010). Anyway, the intensity, the localization, and
the type of morphological alteration in the retina induced with LD can differ
considerably depending on several factors.

The mechanisms beyond cellular responses and LD-induced morphological changes
seem to differ among different species. Nocturnal animals, like rodents, appear to
be less resistant to light, therefore showing an increased alteration in retinal
morphology when exposed to high luminances than otheranimals (Noell et al. 1966).
Moreover, the absence of pigment (e.qg., in albino animals) is a crucial factor for the
efficacy of light in the induction of cell death.

It has been demonstrated that animals reared in total darkness present a more
severe damage in the RPE than in the PR layer, while animals raised in dim light
show minor damage to the RPE at the cost of PR alteration (Noell 1980). In any case,
due to the tight metabolic relationship between the two cell types, the functional
alteration of one of them will lead to the degeneration of the other (Organisciak and
Vaughan 2010).

Nocturnal rodents have shown damages mostly confined to the ONL following LD,
with a gradual reduction in the thickness that peaks in rat’s retina around 1-2 mm
from the optic nerve in the dorsal retinal hemisphere (HOTSPOT) (Rapp and Willams
1980). This different sensitivity to light damage between superior and inferior
hemisphere of the retina seems to be attributed to the direct exposition to light of
the inferior retina during the critical period, which increase the resistance to light
induced stress in the ventral retina, and the direction of the light source usedfor the
LD. Indeed, in 1999, Stone and collaborators proved that if the source of illumination
in the animal facility is moved from the ceilings to the walls, the characteristic
hotspot does not form (Stone 1999) , leading to a spread PRs death along the retina.
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Several hypotheses have been formulated on both the molecular and anatomical
differences below this asymmetrical reactivity to light. Indeed, unbalance in OS
length, different rhodopsin levels in the OS (Battelle and LaVail 1978; Penn, Naash,
and Anderson 1987), improved circulation of the inferior retina and/or higher
production of a neuroprotective factor (Li, Cao, and Anderson 2003; Liu et al. 1998)
seems to play a role in the LD asymmetry.

5.3 Etiology of the light-induced neurodegeneration

It has been shown by Organisciak, Faber and their colleagues, that rats reared in
the dark present increased levels of rhodopsin and transducin and a reduced level of
arrestin, which might be the reason for their increased susceptibility to LD (Farber,
Danciger, and Organisciak 1991). It is well known that the rhodopsin activation
spectrum is identical to the spectrum of light needed to induce LD neurodegeneration
(Williams and Howell 1983), proving that rhodopsin activation is one of the triggers
of PR damage in LD (Grimm et al. 2000; Humphries et al. 1997; Noell et al. 1966).
Moreover, the reduction of arrestin expression, which can impair the ability of PRs to
shut down rhodopsin signaling, has been confirmed to be another factor to increase
LD susceptibility (Xu et al. 1997).

Another variability that may change the animal sensitivity to LD is the time of LD
within the circadian rhythm. It has been shown that increased damage is induced on
animals placed under intense light in the middle of the dark shift of their circadian
rhythm, compared to those subjected to LD at the beginning of the day shift.
Moreover, LD was scarcely effective in the middle of the day cycle, proving a
circadian dependency of the susceptibility (Penn et al. 1992; Rapp and Williams
1980; Vaughan et al. 2002).

Many scientific reports point out the possible involvement of ROS in the induction
and the perseveration of LD neurodegeneration. Transgenic mice carrying a mutated
SOD, a crucial endogenous antioxidant able to eliminate Oy, incurred in stronger LD
compared to mice having normal SOD (Mittag, Bayer, and La Vail 1999). Moreover,
the preventive effect of different antioxidants both organic (such as L-stereoisomer
of N-acetyl-cysteine (Busch et al. 1999; Tanito et al. 2002), N-nitro-arginine methyl
ester (Donovan, Carmody, and Cotter 2001; Goureau et al. 1993; Kaldi et al. 2003),
dietary supplement of saffron (Maccarone, Di Marco, and Bisti 2008), Ginkgo biloba
extract (Ranchon et al. 1999)) and inorganic (Cerium-oxide nanoparticles (Chen et
al. 2006; Fiorani et al. 2015)), support the hypothesis of a key role of ROS in light-
induced neurodegeneration in the LD model. While some experiment shows that the
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maximum efficacy of antioxidants is obtained only when they are administered
before LD induction (Organisciak et al. 2000; Vaughan et al. 2002), other studies
showed the efficacy of those treatments even when administered a few hours after
the end of the LD (Chen et al. 2006).

Retinal LD not only represents a good model for understanding common basic
mechanisms of degeneration between rats and humans, simulating AMD with the
presence of the hotspot (Marc etal. 2008), but has also a translational significance
in predicting the efficacy of many treatments for eye diseases (Falsini et al. 2010;
Piccardietal. 2012).
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6 NANOPARTICLES

A relatively new field in biomedicine is nanotechnology. Thanks to the unique
properties of nanoparticles (NPs), nanotechnology is revolutionizing the concept of
modern medicine, from the diagnostic to the therapeutical fields. NPs have higher
stability than endogenous enzymes at high temperatures, extreme pH and can resist
electromagnetic radiation. Moreover, NPs have at least one dimension below 100 nm
(Vert et al. 2012), similarly to endogenous proteins, which may allow their
internalization when in contact with cells (Sabella et al. 2014). NPs have a high
surface-to-volume ratio that maximizes the material reactivity and reduces the
concentration necessary to trigger a chemical reaction. Due to their high free energy,
NPs get covered with proteins in the biological environment, allowing the formation
of a protein layer called corona, which reduces the free energy and promotes NP
dispersion (Monopolietal. 2012). This corona can be engineered to recognize some
receptors to reach a precise target or to cross the blood-brain barrier (BBB)
(Baimanov, Cai, and Chen 2019). The ability of some kinds of NPs to carry drugs and
molecules in their core, opens many chances for NPs to be used for drug delivery.
Finally, NPs can be created in different shapes, sizes and even more than one
material, opening a world of possibilities for their engineering.

6.1 NP classification

NPs can be classified based on their core material being organic or inorganic.
Organic NPs are biodegradable, non-toxic, can cross, or fuse with, biological
membranes but are sensitive to high thermal and electromagnetic radiation (Tiwari,
Behari, and Sen 2008). Moreover, some organic NPs can carry molecules in their
empty core or lipidic structure, making them perfect for drug delivery. Common
organic NPs are ferritin, micelles, polymeric and hydrogel-based liposomes and
dendrimers (Ealias and Saravanakumar 2017).

Inorganic NPs have a non-organic core, usually metals and metal oxide or
semiconucting materials. Oxidation might be used to change the properties of the
respective metal base NPs for a variety of applications, such as increasing their
reactivity. In the shape of NPs, metals obtain higher reactivity to environmental
factors, increased volume/surface ratio, surface-charge and surface charge density
(Nikam, Prasad, and Kulkarni 2018). Only a few metals cannot be synthesized as
NPs (Salavati-Niasari, Davar, and Mir 2008).
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6.2 NP synthesis

NPs sharing the same core can have different properties depending on the synthesis
process used to create them. Indeed, NPs size and morphology can be easly
influenced by varying the concentrations of precursors, reducing agents, capping
agents, or by modyfing pHand temperature (Jeyarajetal. 2019).

The protocols used to synthesize NPs can be grouped into two main approaches,
bottom-up or top-down. The former protocol, also called constructive methods,
consists of building the NPs up from single atoms, using reducing or capping agents
to stop the reaction in order to obtain precise shapes and sizes. Most commonly used
bottom-up techniques are seeded-growth, self-assembly of monomer/polymer
molecules, chemical or electrochemical nanostructural precipitation, sol-gel
processing, laser pyrolysis and bio-assisted synthesis (Dhand et al. 2015). The latter
protocol, also called destructive method, generates NPs through mechanical milling,
laser ablation or nanolithography (Ealias and Saravanakumar 2017).

NPs synthesis protocols can be further divided based on the principle exploited for
the synthesis, in physical, chemical and biological methods. Physical methods involve
the application of mechanical forces, radiation, temperature or other physical
properties of the materials to create NPs. It requires intense energy and produce
considerable wastes, but the final productis free from toxic contaminants (Dhand et
al. 2015). On the opposite, chemical methods mostly involve reduction of cation
precursors to trigger formation of metal monomers. Those methodologies have low
cost, and display easy functionalization, high yield, size control, thermal stability and
reduced dispersivity. Despite these advantages, NPs obtained with these
methodologies have low purity and the use of toxic products is an hazard for their
bio-applications (Jeyaraj et al. 2019). Finally, biological methods, also called
biomolecule-assisted synthesis, are receiving an increasing interest in the last years.
NPs produced with biological synthesis are soluble, cost effective, sustainable and
eco-friendly, while being highly biocompatible. Unfortunately, with those methods is
difficult to control shape and size, stability and presence of endotoxins, while being
time-consuming due to the purification process of the biological reagents. Bacteria,
fungi, plants and small biomolecules are used to produce NPs, but unfortunately
these processes are limited by the biological properties of the reagents, limiting their
use to cores and shapes of the NPs (Dhand et al. 2015).

Several protocols require capping agents to stabilize NPs and avoid aggregation
(Pedone et al. 2017), which leads to another variability in an already very busy
literature. This variability has generated conflicting results on the toxicology profile
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of NPs both in vitro andin vivo (Baati et al. 2012; Matsuda et al. 2011; Park et al.
2008). Therefore, it is essential to develop strategies for the synthesis, purification
and stabilization of NPs that will allow them to be safely used in biomedicine, while
avoiding negative ecological impact.

Altogether, it is difficult to understand if the observed characteristics of NPs, such
as toxicity, are due to NP components themselves or to the production method
(Pedone et al. 2017). Unfortunately, physical methods require huge amount of
energy and may release radiation, while most of the chemical methods use toxic
chemicals and release toxic wastes, which may create both biohazards and ecological
problems (Jeyarajetal. 2019).

6.3 Protein corona

A crucial aspect for NP biological applications is the formation of the protein corona
that covers the NP surface. This is due to the NP surface high free energy, which
leads to a spontaneous protein adsorption onto their surface. In biological fluids, NPs
acquire a protein layer that modifies their interaction with biological tissues,
increases their mass and size and reduces the available surface for reactions
(Baimanov et al. 2019). The corona properties strictly depend on the nature of the
interaction between NPs and biological fluids, therefore on the strength and typology
of the surface charge of NPs and its hydrophobicity or hydrophilicity (Sund et al.
2011).

The corona can be divided into a hard corona, an inner layer made by the first
proteins that bind NPs, and the soft corona, an outer layer whose composition may
change while the NPs navigate through biological fluids with different protein
composition (Walczyk et al. 2010). The hard corona is tightly bound to the NP surface
and can be removed only with an artificial process, carrying a memory of the first
biological solution or fluid NPs encountered. On the opposite, the soft corona has a
variable composition that can modify the biodistribution of the NPs in the body and
their dynamic of internalization. Therefore, the corona composition differs depending
on the way of administration and may alter the diffusion and
internalization characteristics of NPs (Monopoli et al. 2012).

6.4 NPs in medicine

A crucial aspect for NP biological applications is the formation of the protein corona
that covers the NP surface. This is due to the NP surface high free energy, which
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leads to a spontaneous protein adsorption onto their surface. In biological fluids, NPs
acquire a protein layer that modifies their interaction with biological tissues,
increases their mass and size and reduces the available surface for reactions
(Baimanov et al. 2019). The corona properties strictly depend on the nature of the
interaction between NPs and biological fluids, therefore on the strength and typology
of the surface charge of NPs and its hydrophobicity or hydrophilicity (Sund et al.
2011).

6.5 Platinum NPs

Platinum (Pt) is a rare noble metal characterized by low reactivity compared to
other metals, high corrosionresistance, stable electrical properties and high solubility
in water. Moreover, Pt has robust catalytic activity (Hamasaki et al. 2008; Horie et
al. 2011) and its synthesis as NPs can be easily controlled by changing pressure,
temperature and reagents ratio. Furthermore, many platinum-based compounds,
such as cisplatin, carboplatin and oxaliplatin, have been extensively used as
therapeutic agentsin chemotherapy (Wheate et al. 2010). Thus, the interest around
Pt as core material for NPs grew in the last decade due to its possible applications
for hypertermia and photoablation terapies, targeted drug delivery, bioimaging,
biosensing and as antimicrobial and anticancer agents (Jeyaraj et al. 2019).

Nevertheless, Pt has been poorly investigated as a possible core material for NPs
applications in biomedicine. Indeed, several in vitro studies enlightened positive
effects of PtNPs (Hosaka et al. 2014; Pedone et al. 2017; Yoshihisa et al. 2010), but
the contradictory results on adverse effects, induced by the release of Pt?* ions,
known to be toxic for the DNA integrity, prevented Pt nanozymes use in several
biomedical applications (Pedone et al. 2017).

Assuming that the cytotoxicity of the PtNPs was observed in some published
experiments, Moglianetti and collaborators used a non-toxic synthesis method and
particular care to avoid contaminations to prove that PtNPs toxicity had to be
attributed to residual contaminants from the NP synthesis (Moglianetti et al. 2016).
These NPs capped with citrate to increase their stability in the solution, were safein
vitro, causing no alteration in mitochondrial metabolism, or damage to membranes
or DNA in all the cultures tested. Moreover, cc-Pt-NPs showed much higher activity
as ROS scavengers than endogenous peroxidase, catalase and SOD (Moglianetti et
al. 2016)
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II. AIMS

PtNPs are highly effective against ROS dangerous activity, a common feature
shared by most neurodegenerations, including retinal degenerations. Nanoparticles
with similar catalytic activity have displayed strong preventative effects against
neurodegeneration progression, but without achieving a resolutive effect.
Unfortunately, the controversial data on PtNPs safety, which has been ascribed to
the heterogeneous pool of protocols used for NPs creation, is an obstacle to their
application as preventative therapy.

We hypothesize that PtNPs could be safe as core material for NPs and effective in
retinal neurodegeneration prevention if produced with proper methods.

This thesis proposes 5 nm citrate-capped Pt-NPs, produced by seeded-growth
approach, as an intravitreal injectable treatment to prevent retinal degeneration. A
suitable protein corona functionalization has been engineered for the NPs to fit the
ocular environment and allow a good dispersion in physiological media, as
characterized by TEM size distribution, dynamic light scattering, agarose
electrophoresis, and H202-TMB Chromogenic Assay techniques. Furthermore, in
vitro experiments involving propidium iodide and fluorescein diacetate were used to
assess neuronal viability after PtNPs exposition, while DCF assay was used for ROS
scavenging ability evaluation in vitro.

The biocompatibility of PtNPs in vivo and their efficacy as a preventive agent for
retinal neurodegeneration were tested in a rodent model of light-induced retinal
degeneration, in which the particles were injected intravitreally ahead of the LD
inducing degeneration. Electrophysiological measurementsin vivo and post-mortem
analysis of retinal tissues allowed for a characterization of the biocompatibility of the
particles and of their efficacy in ameliorating PR degeneration.
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III. RESULTS

1 NANOPARTICLESYNTHESIS AND CHARACTERIZATION

Most NPs tend to aggregate in physiological media due to their high free surface
energy. Besides, proteins spontaneously adsorb onto NPs surfaces, defining their
biological identity and interactions with cells both in vitro and in vivo, thus altering
their fate and physiological effects. Hence, understanding the interaction between
NPs and proteins is crucial for nanomedicine. Here, the fabrication and
characterization processes of PtNPs are described, with particular emphasis on the
engineering of a protein functionalization corona to allow for a suitable dispersion of
the NPs in the intravitreal compartment of the eye and the inner retinal layers.

1.1 Synthesis and morphological characterization

Given the choice of a rat model of retinal degeneration as target for the intravitreal
treatment, endogenous rat serum albumin (RSA) was selected as a stabilizer, also
due to its high concentration in both the humour vitreous (around 293 + 18 pg/cm?
(Clausenetal. 1991)) and the blood. The goal was to create a protein corona on the
NPs to increase their solubility in physiological solution and avoid aggregates after
injection without activating the immune system. Therefore, a characterization of the
ccPtNPs coated with RSA corona (ccPtNPs-RSA) was needed to evaluate the stability
and catalytic efficiency (Figure 11).
ccPtNPs were synthesized and characterized in collaboration with
Nanobiointeractions and Nanodiagnostics Lab in the Italian Institute of Technology
(IIT) with a seeded-growth approach, starting from platinum salt (H2PtCls) and
adding two reducing agents, sodium borohydride (NaBH4) and the stabilizer sodium
citrate (NasCt). ccPtNPs were characterized using TEM (Figure 11A), which allows the
observation of the single mono-disperse NPs, ensuring that no aggregation occurred
during the synthesis, and the measure of their diameters. By sampling over 100 NP
diameters per batch of produced NPs using Image] (Figure 11B), we obtained an
average diameter of 5.21 £ 0.03 nm (mean * sem), in line with data obtained in
previous works by Moglianetti and collaborators (Moglianetti et al. 2016).

1.2  Stabilization with a protein corona

As shown in Figure 11C, ccPtNPs were incubated with RSA (10 mg/mL) for 30
minutes at 37 °C to allow the protein corona formation and then sedimented with
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Figure 11. PtNPs characterization and stabilization. A) Representative TEM micrograph of 5 nm cc-
PtNPs and B) statistical size distribution calculated over 100 NPs with Image]. C) Cartoon of the
stabilization of 5 nm PtNPs with 10 mg/mL of rat serum albumin (RSA). Proteins spontaneously adsorb
onto the NPs surface, improving their stability in physiological media. D) PtNPs stability in cell culture
medium assessed by agarose (3.5%) gel electrophoresis: Lane 1 - “Naked” PtNPs in water (white
band); Lane 2 - "Naked” PtNPs in medium: only the black band related to the proteins is visible,
indicating NP aggregation in the well; Lane 3 - PtNPs-RSA in water; Lane 4 - PtNPs-RSAin PBS; Lane
5 - PtNPs-RSA in medium. The presence of the white band in all PtNPs-RSA columns indicates good
stability. E) DLS measurement for “naked” PtNPs (black) and PtNPs-RSA (gold), confirming the
increase of size due to protein corona. F) Catalyticactivity evaluation using the H,0,-TMB chromogenic
assay for “naked” PtNPs (black) and PtNPs-RSA (gold). The corona slightly decreases cc-PtNPs-RSA
catalytic activity covering part of the NP surface area. In all experiments, the excess of RSA was
washed out by ultracentrifugation. Results from: Valentina Mastronardi, Luca Boselli, and Giulia
Tarricone (NanoBD group)
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ultracentrifuge to wash out the protein excess. The pellet was then suspended in
saline solution and stored at +4 °C.

Further experiments were designed to evaluate ccPtNPs-RSA stability in
physiological conditions and cell culture media, which could influence their
distribution, intracellular uptake, and scavenging capability. The medium used for
the in vitro culture of primary neurons, consisting of Neurobasal (NB) supplemented
with B27 (2 %), Glutamax (1 %) and penicillin-streptomycin (1 %), was used to test
NP stability. NPs were added to the culture medium at 10 pug/ml and incubated for
48 hours. This medium has been used for the in vitro culture of primary neurons.

To ensure the presence of an RSA corona, we performed agarose (3.5%) gel
electrophoresis. The agarose concentration was chosen to create pores sized to
maximize the difference in the migration speed between different NPs. Indeed, the
protein corona's presence on the NPs reduces their surface charge and the velocity
of migration of the ccPtNPs-RSA compared to the “naked” NPs. As shown in Figure
11D, we compared “naked” ccPtNPs, dissolved either in ddH20 (lane 1) or in culture
medium (lane 2), with ccPtNPs-RSA, dissolved in either ddH20, PBS or culture
medium. The NPs will appear as white bands. It is possible to notice how NPs
dissolved in water (lanes 1 and 3) showed a faster migration velocity, as compared
with the slowdown of ccPtNPs-RSA due to the larger size given by the corona.
Furthermore, no difference in migration speed was observed between ccPtNPs-RSA
dissolved in water (lane 3) or PBS (lane 4), demonstrating a preserved stability in
physiological media. Interestingly, when NPs were incubated in culture medium,
whose proteins appear as a dark band in the gel, it was possible to observe NP
migration only for the ccPtNPs-RSA, proving the increased stability induced by the
protein corona.

Additionally, ccPtNPs-RSA displayed a significant shift in the hydrodynamic radius
measured with dynamic light scattering (DLS) compared to naked PtNPs (Figure
11E), providing further proof of the presence of a stable protein corona after
incubation with RSA.

1.3 Effects of the corona on NP kinetics

Unfortunately, the presence of the protein corona also reduces the NPs surface
available for the catalytic reaction. The ccPtNPs catalytic activity was assessed to
ensure that the corona did not obliterate NPs scavenging capability using the
tetramethylbenzidine (TMB) assay. The formation of the OHe radical on the surface
of ccPtNPs oxidizes the TMB substrate, releasing water and forming the colored TMB
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radical (Pedone et al. 2020). The shift of the absorbance created by the reaction is
an index of the redox reaction catalyzed by the PtNPs. As displayed in Figure 11F,
the presence of the corona reduced the NP catalytic activity by 20% compared to the
naked ccPtNPs. All the characterization confirmed that citrate capped PtNPs coated
with RSA corona were more adapt to both in vitro and in vivo applications, although
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Figure 12. Protein coated PtNPs effects in vitro. A) Schematic of the intracellular ROS scavenging
activity of PtNPs measured H2DCFDA. After intracellular esterase cleavage, H2DCFDA turns fluorescent
after being oxidized by H,0,. B) Viability of primary rat cortical neurons exposed to different
concentrations of PtNPs (1 and 10 pg/mL), assessed by fluorescein diacetate (FDA; viable cells) and
propidium iodide (PI; necrotic cells). Nuclei are stained using the Hoechst dye. C) ROS scavenging activity
of PtNPs in primary rat cortical neurons. Neurons were preincubated with 10 pg/mL PtNPs for 24 hours
and exposed to 5 mM H,0,for 5 minutes. The presence of PtNPs alone did not induce any ROS increase.
Neurons pre-treated with PtNPs showed a significant decrease in ROS compared to the untreated controls.

Results obtained in collaboration with Valentina Castagnola, Mattia Bramini and Giulia Borgonovo.
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they have a slightly reduced catalytic effect. Therefore, all further experimentwill be
performed using ccPtNPs-RSA, which will be reported as PtNPs only.

2 PTNP EFFECTSIN VITRO AND THEIR BIODISTRIBUTION IN THE RETINA

Once assessed that the RSA protein corona increased PtNPs stability, it was
necessary to confirm the biocompatibility and the preventive effects of the PtNPs on
ROS-induced damage in vitro (Figure 12). A crucial molecule used to assess cell
viability and PtNPs scavenging activity is 2,7-dichlorofluorescein diacetate
(H.DCFDA), a probe able to permeate cellular membrane (Figure 12A). When in the
cytosol, H.DCFDA is deacetylated in H.DCF by endogen esterase, losing its lipophilic
groups and remaining trapped into the cell. H,DCF can be oxidized in the fluorescent
molecule dichlorofluorescein (DCF) either by ROS or by endogenous enzymatic
activity (Kolthoff, Lauer, and Sunde 1929; Wolfe and Rui 2007). Therefore, a higher
presence of ROS induces a fluorescence increment, allowing the indirect
quantification of intracellular antioxidant activity (Wolfe and Rui 2007).

2.1 PtNP effects on cells viability and scavenging activity in vitro

A live/dead assay based on Fluorescein Diacetate/Propidium Iodide was performed
on 14 DIV primary rat cortical neurons incubated with PtNPs for 48 hours (Figure
12B) to assess cytocompatibility. The top panel in Figure 12B displays representative
images of the viability assay with H.DCFDA (FDA, green) and propidium iodide (P,
red) in neurons untreated (top row) or incubated for 48 h with either 1 pg/ml (middle
row) or 10 pg/ml (bottom row) of PtNPs. In blue are shown cell nuclei stained with
Hoechst. While the intensity of the FDA fluorescence is a direct index of the enzymatic
activity of the cell, therefore their vitality, the PI fluorescenceis an index of the cell
death. Indeed, Plis a hydrophilic molecule that, when it binds the DNA, increases its
quantum yield up to 30 times. When a cell is alive, its membrane is intact keeping
PIin the extracellular fluid. On the opposite a dying/damaged cell allows the entrance
of PI, which can reach the DNA and bind it, drastically increasing its fluorescence. As
shown in the graphin Figure 12B (bottom panel), dead cells in the plates incubated
with both concentrations of PtNPs tested were similar to the untreated control,
showing no cytotoxicity effects of the NPs, even at the highest concentration.

To assess PtNPs scavenging activity, cellular antioxidant activity (CAA) assays were
performed (Figure 12C). This technique allows the quantification of the antioxidant
activity in the cytosol of live cells when exposed to a stressful environment. After
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48-hour incubation with 10 pug/mL of PtNPs, cells were exposed to 5 nM of H,0; for
5 minutes, followed by fluorescence quantification. Interestingly, PtNPs alone did not
alter the physiological level of oxidation in the cytosol, while they were able to restore
physiological oxidation levels in cells exposed to H»0,. These results prove an
excellent biocompatibility together with the ability of NPs to induce significant
antioxidant effectsin live cells.

2.2 PtNP biodistribution in the eye

Since the protein corona did not alter the PtNP capability to restore physiological
ROS levels in the presence of H.O, in vitro, we preliminarily examined whether NPs
were able to cross the ILM, a tight physical barrier between the posterior chamber
of the eye and the retina and were internalized by PRs. This passage is crucial
because the most dangerous effects of ROS overproduction are experienced by inner
retinal structures, such as PR’s mitochondria, disks and organelle (B. Domeénech and
Marfany 2020). Due to their dimension, PtNPs do not interact with light. Moreover,
the conjugation of fluorescence dyes with the NPs may alter the diffusion kinetics
through the tissues. These considerations make the visualization of NPs at the light
microscope very challenging. Due to their high electron density, we proceeded to
visualize PtNPs in the retinal tissue by electron microscopy. We performed a
qualitative TEM analysis of retinas explanted from animals injected with PtNPs to
prove their ability to cross the ILM and reach the PRs in the outer retina.

We injected 3 healthy adult Sprague-Dawley rats with 2 ul of a 100 pg/mi
suspension of PtNPs and sacrificed them at different time points (1 hour, 1 and 7
days) after the injection. After euthanasia, the diopter system was quickly removed
fromthe bulb, the eye divided in 4 pieces and immediately fixed for TEM imaging.

Figure 13 shows 60-70 nm thick retinal sections observed at different
magnifications at the TEM. is displayed A representative retinal section stained with
hematoxylin and eosin, showing the different layering of the retina is shown Figure
13A (left). Theyellow rectangle indicates the retinal portion shown in the TEM images
on the right at various magnifications. Figure 13B shows a higher magnification of
the basal portion of the inner segments. Itis possible to appreciate the presence of
nanoparticles internalized in the cells and stored in intracellular vesicles. Thus,
intravitreally injected PtNPs can cross the ILM, reach the outermost portion of the
retina, and be internalized by PRs, where the Pt-driven catalytic effecttakes place.
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Figure 13. PtNPs distribution in the retina. A) Retinal section with hematoxylin-eosin
staining (left) and TEM micrographs of the area in the yellow rectangle (right). TEM micrographs
presented on the right are reconstructions based on multiple acquisitions in adjacent areas. B)
Representative TEM micrographs with increasing magnification show PtNPs localized in intracellular

vesicles. The images are taken seven days after the intravitreous injection of 100 pg/mL PtNPs.

Images obtained in collaboration with Valentina Castagnola
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3 THELD ANIMAL MODEL

Once assured that our NPs could reach the ONL after crossing the ILM and being
internalized by PRs, we proceeded to develop the light-induced animal model of
retinal degeneration. For in vivo experiments, we used SD rats that, lacking the
pigments responsible for the scattered light absorption, are highly susceptible to LD.

3.1 Timeline of the in vivo experiments

The experiments began at p60, when the rats were adult (2 months-old), as shown
in Figure 14A. Animals were dark-adapted for not less than 12 hours during the dark
phase of the circadian rhythm and anesthetized with a ketamine and xylazine
cocktail, as described in the Materials and Method section. Animals were subjected
to electroretinogram (ERG) in dim red light to maintain the dark adaptation, followed
by the intraocular injection of either vehicle RSA or PtNPs. Seven days after the
injection, we performed the LD, as described in the Materials and Methods. Then,
animals were placed back in the housing cabinet for other seven days to let
degeneration make its course, at the end of which they were anesthetized and
subjected to a second ERGanalysis. At the end of it, animals were sacrificed following
the ethical procedure as indicated in the approved ethical protocol, for histochemical

analysis.

3.2 Evaluation of different LD protocols

Several protocols of LD are efficient models to simulate macular degeneration in
rodents (Organisciak and Vaughan 2010). We isolated the two most promising
models which were already used to test the efficacy of NPs with different core
materials. The first, used by Chen and collaborators, consisted in 6-hour exposure
to 2700 lux (Chen et al. 2006), while the second, used by Fiorani and colleagues,
consisted in 24-hour exposure to 1000 lux (Fiorani et al. 2015). Both protocols
obtained the same average extent of damage, evaluated with both
electrophysiological and morphological analysis. For the rest of the study, we
adopted the second protocol that was more reproducible in term of LD (data not
shown).
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Figure 14. Morphological alteration induced by light damage in albino rats. A) Timeline of the in vivo
experiments. B) Schematic representation of the LD induction. C) Morphological alteration occurring
seven days after LD. In blue, the position of the hotspot in the dorsal part of the retina. Yellow squares
depict the disrupted ONL in the hotspot (left) in comparison with the corresponding point in the ventral
retina. D) Reduction of ONL thickness/total thickness along the retinal section in damaged animals 7
days after LD (dotted line) compared to healthy retinas (solid line). Statistical analysis shows the
effectiveness of the LD in reducing the retinal thickness ratio after seven days of recovery. Both

groups: n = 6 eyes. All data are meanx s.e.m. U test, * p < 0.05; ** p < 0.005; *** p < 0.001.
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3.3 Characterization of the LD model

Even if the light damage model is well characterized in literature, the high variability
between different protocols requires refined experimental setting to ensure high
reproducibility. At the beginning of my Ph.D. project, our laboratory possessed poor
knowhow in both the animal model setting or the intravitreal injection. Therefore,
the reproducibility of the model had to be set before starting with the PtNPs in vivo
effects evaluation.

As shown in Figure 14A,B, to induce the LD 2 months-old animals housed in dim
light (<10 lux) were placed in transparent cages and subjected to 24 hours of high-
intensity light stimulation at 1000 lux, measured at the middle of the cage, from
above and below. To mimic Ganzfield-like light stimulation during LD, the walls
surrounding the cages were partially reflective. The animals received food and water
during the LD, avoiding as much as possible to create any shadow in the cage.
Temperature, humidity, and ventilation were controlled to respect animal welfare
values. Animals were selected to have equal sex distribution between groups. The
experimental groups used for the characterization of the LD model were:

- Healthy, n = 6 animals, no injection or LD.
- Damaged, n = 3 animals, no injection, retina exposed to LD.

Animals were sacrificed for most-mortem morphological and immunostaining
analysis after electrophysiological characterization 7 days after LD. Figure 14C shows
a single z-stack of a retinal section of the eye of an animal subjected to LD. The
image was obtained by slicing the eyes on the dorsal-ventral equator (left to right)
passing through the optic nerve, stained with Hoechst, and acquired with confocal
microscopy. It is possible to notice the presence of the typical hotspot of PRs damage
in the dorsal hemisphere (blue arrow). The yellow squares, placed in the center of
the image, show the surrounding field's magnification in both the dorsal (left square)
and ventral (right square) retinal hemisphere. The strong reduction of the ONL
thickness in the dorsal square compared to the ventral one is visible, while the other
layers’ thickness seems not to be affected by the light-induced neuronal
degeneration. It is possible to notice the presence of the typical hotspot of
photoreceptor damage on the dorsal hemisphere, enlightened with the blue arrow.

3.4 Morphological alterations

The graphin Figure 14D shows the average ratio between ONL thickness and total
retinal thickness along the whole retinal length. The measurement has been taken
by dividing dorsal (D) and ventral (V) hemispheres in 10 fields of about 450
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Hm in length and averaging the measurement of three ratios for each field. The
morphological analysis obtained in the damaged group (dotted line) clearly shows a
reduction in thickness when compared to the healthy control (solid line), in
accordance with previous literature (Fiorani et al. 2015; Maccarone et al. 2008; Di
Marco et al. 2019). The two groups showed a statistically significant difference in
most of the dorsal fields, with a p value between 0.005 and 0.0004, at 4050 and 900
pm from the O.N., respectively, where the hotspot results to be deeper.
Interestingly, the ventral hemisphere showed a constant, but not statistically
significant, trend for a reduction of the thickness in all the fields, showing a non-
localized neurodegeneration even in the ventral hemisphere. This proves that light
was able to reach uniformly every portion of the retina during LD. Taken altogether,
these results show a successful model of retinal degeneration at the morphological

level.
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Figure 15. Scotopic ERG responses induced by light damage. A-E) Representative waves obtained
at 0.001 (A), 0.01(B), 0.1 (C), 1 (D) and 10 (E) cd s m™2before (straight line) and seven days after
(dotted line) the LD. F, H) Reduction in the scotopic “a” wave (F) and “b” wave (H) amplitude seven
days after the LD (dotted line) with respect to the amplitudes recorded before LD (straight line).
Significant differences are observed at all luminances for both “b” wave and “a” wave, except for for
the 0.001 cd s m™2 where the PR activity is too weak to be consistently recorded. Both groups: n = 6

eyes. All data are means * s.e.m. Mann-Whitney’s U-test, * p < 0.05; ** p < 0.005; *** p < 0.001.
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3.5 Electrophysiological evaluation

The morphological results have been confirmed with the electrophysiological
analysis showed in Figure 15. With ERG we evaluate retinal neuronal activity by
recording the rapid potentials generated from the retina when stimulated with light.
ERG is an essential tool to diagnose a variety of retinal disorders, evaluating the
pathological progressions and assess either the efficacy of therapies or the damages
induced by toxics or injuries. An alteration of the ERG responses is predictive for
several pathologies onset, like retinitis Pigmentosa (RP) or macular degenerations,
sometimes years before the symptoms emergence.

We performed ERG recordings with scotopic white flashes in 2 months-old rats,
before and sevendays after LD treatment. The top section of Figure 15 (A-E) shows
the difference between representative ERG waves obtained in dark-adapted animals
in response to single flashes under scotopic conditions at 0.001 (Figure 15A), 0.01
(Figure 15B), 0.1 (Figure 15C), 1 (Figure 15D) and 10 (Figure 15E) cd*s*m?,
respectively. Healthy (straight line) and light-damaged (dotted line) animals were
compared to appreciate the reduction of the ERG signal after LD treatment. The
vertical line, marked with to, denotes the time in which the 5 millisecond-flash starts,
while the trace recorded before to represents the baseline trace used as reference for
the evaluation of the wave amplitudes. The graphs at the bottom (Figure 15F, G)
display the average amplitude of the two main components of the single scotopic
flash wave, the “a” wave (Figure 15F) and the “b” wave (Figure 15G), in the same
animals recorded before (solid line) and seven days after (dotted line) LD. The “a”
wave amplitude is an index of PR activity reflecting their health and physiological
reactivity, while the “b” wave is a more complex component mostly due to the
activity of second order neurons. The “"b” wave amplitude gives in fact an indication
of both the information transfer activity from PRs to BCs and the information
processing in the inner retina. In Figure 15F we can observe that in both low
luminance (froma 0.01 cd*s*m™2; p = 0.00027, Mann-Whitney’s U-test), at which
the a wave is mostly due to the activation of the rods, and high luminances (1 and
10 cd*s*m™2; p = 0.0051 and 0.01487 respectively, Mann-Whitney’s U-test), at
which the amplitude is mostly due to cones activation, there is a significant difference
between the wave amplitudes obtained from the two groups of treatments. It is
important to mention that, at very low luminances the “a” wave is not present due
to the very small number of activated rods. Therefore, this value will not be shown
in the next “a” wave result. Together, these data confirm the results obtained from
the morphological analysis, indicating that the electrophysiological response in LD
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Figure 16. PtNPs effects on scotopic ERG amplitudes. A-E) Representative waves obtained at 0.001
(A), 0.01 (B), 0.1(C), 1 (D) and 10 (E) cd s /m?seven days after LD in animals injected with PtNPs
(red) or vehicle (black). F,H) Preservation of the wave amplitudes obtained with scotopic flashes at

different luminances in animals injected with PtNPs (red) or vehicle (black). No significant differences

were observed in the “a” wave preservation (F), while a significant difference was present in the “b”

wave preservation at all luminances analyzed. PtNPs: n = 22 eyes, Vehicle: n = 24 eyes. Bars show

25% and 75% of the median. The whiskers display outliers, the square indicates the mean, the

horizontal line the median. Mann-Whitney’s U-test, * p < 0.05; ** p < 0.005; *** p < 0.001.
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animals are significantly reduced compared to healthy controls, due to PR death
together and morphological alterations of the inner retinal matrix.

4 PRESERVATION OF VISUAL FUNCTION AFTER INTRAVITREAL
INJECTIONOFPTNPs

Once developed a suitable photoreceptor degeneration model, we started injecting
PtNPs in adult albino rats to assess their efficacy against the neurodegeneration. A
saline solution containing 1 mg/ml RSA (vehicle) was always employed as sham
injection to verify that the surgical procedure itself did not affect the visual
performance. We used two experimental groups of 2 months-old Sprague-Dawley
rats, both subjected at LD for 24 hours by exposure to 1000 lux seven days after the
microinjection:

- PtNPs n = injected with of 2 ul of 100 pg/ml ccPtNPs suspended in 1 mg/ml
of RSA.
- Vehicle n = injected with 2 ul of 1 mg/mIRSA.

4.1 Electrophysiological evaluation

4.1.1 Scotopic ERG

Figure 16 shows the results obtained from single scotopic flashes in animals adapted
to the dark for more than 12 hours, 7 days after the LD in PtNPs injected animals
(red) and sham-injected animals (black). Figure 16A display the timeline of the
experiments. Figure 16B-F shows the representative waves of both groups recorded
respectively at 0.001 (Figure 16B), 0.01 (Figure 16C), 0.1 (Figure 16D), 1 (Figure
16E) and 10 (Figure 16F) cd*s*m2. To quantify the PtNPs effect on the scotopic ERG
we calculated the preservation of ERG wave amplitude after LD. The preservation is
an index that shows, in percentage, how much of the amplitude of a wave (either
“a” or "b"” wave) is preserved after LD as compared to the respective amplitude
recorded in the same animal before any manipulation. These values were then
normalized to the average preservation of each group of experiment to account for
litter/batch variability. Figure 16G and H displays the normalized average amplitude
preservation of “a” and “b” waves obtained at the different luminances (PtNPs n =
22 eyes, Vehicle n = 24 eyes). Despite the absence of significant differences (Figure
16G), the increased “a” wave preservation in PtNPs-injected animals throughout the
luminance dose-response clearly suggest a potential preservation of rods activity.
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This can be appreciated especially if we compare the means (square symbol) of the
two groups at 0.1, 1 and 10 cd*s*m~2. A much stronger effect was obtained in the
“b” wave part analysis (Figure 16H), in which the difference between the NPs-treated
animals and the control group was significant at each luminance examined (p =
0.0226, 0.0411, 0.0471, 0.0212, 0.0367, respectively for 0.001, 0.01,0.1, 1 and 10
cd s /m?). These data show how PtNPs induce a persistent preservation of the
electrophysiological activity in the inner retina at all luminances that is attributable
to increased PR survival. The lack of significant differences in the “a” wave may be
due either to the short time given to the PRs to recover after LD, as showed from
recently published data (Riccitelliet al. 2021), or to the smaller amplitude of the “a”
wave component comparedto the *b” wave. Moreover, a longer recovery could have
included the effects of NPs on the long-term ROS activity associated with the para-
inflammation that establishes following LD (Xu et al. 2009).

4.1.2 Photopic ERG

A confirmation to the previous hypothesis is provided by the photopic ERG (Figure
17), in which light adaptation before flashes bleaches rod responses and isolates the
cone response. The protocol was performed on the same animals described before
immediately after the scotopic protocol. Figure 17A shows representative traces
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Figure 17. Photopic ERG stimulation shows no significant effects. A) Representative waves obtained
with photopic flash stimulation at 3 cd s /m?seven days after LD from animals injected with either
PtNPs (red) or vehicle (black). The perpendicular line marks the time of the flash stimulus. B)
Normalized amplitude preservation obtained with photopic flash stimulation seven days after LD from
animals injected with PtNPs (red) or vehicle only (black). The difference in the preservation of cone
activity is not statistically significant. PtNPs: n = 22 eyes, Vehicle: n = 24 eyes. All data are means +

s.e.m. Mann-Whitney’s U-test.
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obtained from single flash photopic stimulation at 3 cd*s*min PtNPs- (red) and
sham- (black) injected animals 7 days after the LD. As expected, no “a” wave signals
were detected, confirming the cone selectivity of the illumination protocol. Figure
17B shows that the normalized amplitude preservation in the animals injected with
PtNPs is slightly higher than the sham-injected group only, even if with no evidence
of statistical significance (p= 0.2163; PtNPs n = 22 eyes, Vehicle n = 24 eyes). The
lack of significance in the effect could be due to the low density of cones in the rat
retina compared to rods. Therefore, starting from a very small pool of cells, the
amplification of the “"b” wave component could not be enough to reach significance.

4.2 Morphological evaluation of the effect of PtNPs on retinal thickness

After sacrificing the animals, the eyes were processed, as previously described in
the methods section. Figure 18 displays the results of the morphological analysis on
retinal sections from both vehicle- and PtNPs-injected animals seven days after the
LD and electrophysiological investigations. Figure 18A shows representative images
of the field located 900 um from the O.N. in the dorsal retina for both experimental
groups (vehicle, left; PtNPs, right). No clear difference in morphology was revealed,
as confirmed by the quantification shown in Figure 18B. The graph in Figure 18B
displays the measurement of the thickness ratio in both PtNPs (n = 20 eyes, red)
and vehicle (n=18 eyes, black) animals collected along the retinal length, as
previously described in Figure 14D. No statistical significance was observed, while a
slight tendency in preserving ONL morphology was present in animals injected with
PtNPs, especially for the external fields of the hotspot. This might be due to the
moderate effects of NPs in preventing the neurodegeneration and, mostly, its
progression. This mild effect on the morphology may explain why we did not observe
a significant difference in the preservation of the “a” wave. On the other side, the
amplitude preservation of the “b” wave, might have been boosted by the
amplification of the inner retina, resulting in a significantly higher preservation in
PtNPs-injected animals not withstanding a very similar retinal morphology.

4.3 Inflammatory response preservation after PtNPs injection

Figure 19 shows the results obtained from immunohistochemistry analysis
performed on retinal sections (PtNPs n = 29 eyes, Vehicle n = 33 eyes) collected as
previously described in the Methods section. We addressed the possibility that the
injection of NPs could prevent inflammatory effects by analyzing GFAP and Iba-1
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Figure 18. The retinal structure is partially preserved by PtNP injection. A) Representative images
showing the difference in ONL thickness induced by PtNPs injection (right) as compared to the sham-
injected animals (left) in the field D3. B) Comparison of the average [ONL thickness/total retinal
thickness] ratios along the retinal section between PtNPs (red) and vehicle (black) injected animals.

PtNPs: n = 20. Vehicle: n = 18. All data are means £ s.e.m. Mann-Whitney’s U-test showed no

significant differences between the groups.

immunoreactivities as markers of astrocyte/Muller cell gliosis and microgliosis,
respectively. Figure 19A reports representative images of the immunofluorescence
staining. As shown in Figure 19B, the analysis was performed on four different fields
of the sections, two in the dorsal hemisphere (marked with “D"”), one of which on the
deepest portion of the hotspot (marked with “int”) and one on a more external field
of the hotspot (called “ext”) respectively, and other two exactly specular fields in the
ventral portion (marked with “V”). Figure 19A displays representative confocal
images of retinal sections of healthy (top) and LD animals injected with either vehicle
(middle) or PtNPs (bottom), taken in the Vex field of the dorsal retina. GFAP
expression is shown in red, IBA-1 positive cells are in green, and nuclei stained with

Hoechst in blue. It is well known that the retina reacts to a variety of insults by
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Figure 19. GFAP quantification and IBA1 positive cells counting. A) Representative images of the
immunohistochemical results. The GFAP signal is red, the microglia cells are stained in green while
the nuclei are in blue. From the top to the bottom, we have a healthy retina, the vehicle control and
the cc-PtNPs group. B) Schematic representation of a retinal section to enlighten the fields taken in
consideration for the analysis. C,D) Histograms that show the quantification of GFAP signals in both
dorsal (B) and ventral (C) hemispheres of the retina, showing a significant difference between the
groups of treatment in the external field (p = 0.0083), where the progression of the degeneration is
advancing. E,F) Histograms showing the average numbers of IBA-1 positive cells in both dorsal (E)
and ventral (F) retina, showing how PtNPs can significantly reduce the infiltration of the microglia in
the outer retina of the hotspot (p=0.0097). PtNPs n = 29 eyes, Vehicle n = 33 eyes. All data are
means £ s.e.m. U test, * p < 0.05; ** p < 0.005; *** p < 0.001.
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modifying the expression and/or the localization of several proteins to re-establish
physiological conditions. GFAPis known to be in the GCL layers in the healthy retina,
forming a homogeneous plexus (Figure 19A, red-top). After an insult, GFAP
expression increases and the proteins are quickly radially relocated from the inner
layer towards the outer retina (Figure 19A, red-middle and bottom). This pattern of
expression of GFAP is observed after retinal detachment (Erickson et al. 1987), blood
flow impairments (Block and Sontag 1991) and other insults (Eisenfeld, Bunt-Milam,
and Sarthy 1984), with no exception made for LD retinas (de Raad et al. 1996).

Moreover, along with inflammation, neurodegeneration can trigger macrogliosis (Li,
Eter, and Heiduschka 2015), another well-known mechanism of defense of the
nervous system. Under healthy conditions, microglia cells are normally present in
the inner retina, betweenthe IPL and INL (Figure 19A, green-top). The activation of
microglia not only leads to the modification of its functions and morphology,
preparing itself to phagocytosis and ROS and cytokines release, but also retrieves
macrophage precursors from the blood to help fighting against the insult (Langmann
2007) (Figure 19A, green-mid and bottom).

4.3.1 ccPtNPs induce GFAP preservation

Densitometric analysis of GFAP (Figure 19C,D) in the dorsal (Figure 19C) and
ventral (Figure 19D) retinal hemisphere was performed using Image J threshold tools
(Gallego et al. 2012), as described in the Material and Methods section. The results
showed that GFAP expression was massively increased in the external portion of the
hotspot, where neurodegeneration was still progressing, showing a significant
difference (p = 0.0083, Mann-Whitney’s U-test) between control retinas (black) and
retinas injected with PtNPs (red). Interestingly, the absence of any difference in the
deepest portion of the hotspot may suggest that the damage has severely
progressed, bypassing the retinal mechanisms of defense.

4.3.2 ccPtNPs prevent microglial cell infiltration in the ONL

Counting of IBA-1 positive cells was performed considering the layers included
between the GCL and the IPL as inner retina, while only the IBA-1 positive cells
having their body in the ONL was counted as located in the outer retina (Figure 19A
top). A significant difference (p = 0.0097, Mann-Whitney's U-test) was observed in
the outer layer of the hotspot area between retinas treated with PtNPs (red) and
those injected with vehicle (black) (p = 0.0057 Mann-Whitney’s U-test) (Figure 19E)
but not in the ventral retina (Figure 19F), suggesting an effect of NPs in preventing

microglia migration from the blood flow, preventing inflammation. This may be due
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to the delayed effect of NPs that, thanks to their scavenging ability, reduced ROS-
induced cellular damage, and thereby microglia migration.
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IV. DISCUSSION

Many retinal neurodegenerationsinvolve the overproduction of ROS, due either to
a reduction in the balance between oxidation and endogenous antioxidant molecules
(Jadeja and Martin 2021), genetic mutations or environmental exposition to
disruptive agents (Levezieletal., 2011; Mainster et al., 1983; Ni Dhubhghaill et al.,
2010). Unlikely to other organs, neurological tissues cannot regenerate, and modern
technologies are not able either to revert this ineluctable fate or restore a lost in
sight. Therefore, a preventative treatment able to arrest the degeneration appear to
be the best strategy to avoid the worsening of patients vision. Several approaches
involving antioxidant has been proven rather effective in slowing down retinal
deteriorations (Chen et al., 2006; Maccarone et al., 2008; Mandal et al., 2009; Mitra
etal., 2014), but new therapeutical approaches arein need to ameliorate millions of
people’s quality of life.

PtNPs possess an enormous potential for their use in several fields, included
medicine. Nevertheless, their applications as therapeutic agent has been not widely
investigated due to controversial data about their safety (Pedone et al., 2017). In
this work, we demonstrated how PtNPs, when properly synthetized, are safe both in
vitro and in vivo on neurons, possess an intense catalytic activity as antioxidant and
may prevent retinal degeneration induced by light. A seeded-growth synthesis
approach associated with citrate as stabilizer, has already proven to create PtNPs
that are non-toxic in HeLa, MCF7 and Caco-2 cell lines, do not release Pt* ions after
internalization, and mimic endogenous antioxidant enzymes (Moglianetti et al.,
2016). Considering that citrate is a week stabilizer, we improved PtNPs solubility
creating an RSA protein corona on the PtNPs, which is invisible to the immune system
and prevent aggregation in physiological condition. Those preliminary steps are
crucial to avoid aggregation in biological tissues, as showed with the agarose gel
electrophoresis experiment, where the presence of inorganic ions, normally present
in physiological solution, modify the ionic strength and induce aggregation
(Mukherjee & Weaver, 2010).

Furthermore, the protein corona reduces about 20% only the catalytic activity
properties of the PtNPs. Considering the astonishing results obtained by Moglianetti
about the cc-PtNPs catalytic activity as endogenous antioxidant mimetic in vitro
[Moglianetti], we proved that the protein corona does not alter the PtNPs activity as
antioxidant enlightened with the “naked” PtNPs. Moreover, their application on
primary cortical neurons shows no alteration in both viability and cell death ratio
compared to untreated cells. A crucial point is that the incubation was done for 24
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hours only, right before the assays, while the time of exposition of the cells to PtNPs
in vivo is much longer. Moreover, there are no data about non-lethal damages that
the PtNPs may induce in non-essential organelles, which could cumulate in time and
bring to serious alterations. Therefore, more in vitro experiments may be performed,
not only to evaluate PtNPs safety and activity, but also to deeply investigate the
mechanisms of protection on the cc-PtNPs.

Before starting with the investigation regarding the therapeutical activity, we
assessed the biodistribution of the PtNPs in vivo, observing how the NPs were able
to cross the ILM, the major physical barrier to the retina, and being internalized in
the photoreceptors. This internalization occurred quickly after the injection, and the
NPs were observed in the lysosomes even a week after the administration. It is not
clear how many of the PtNPs reached the ONL, were able to be internalized by the
photoreceptors or if they can leave the eye through the blood after the LD, which
cause a disruption of the BRB (Tisietal., 2021). A quantification of the PtNPs in both
the full eye and the isolated retina (and maybe a ratio between those values to
assess the distribution from the vitreum to the retina), both before and after LD,
may be helpful to understand the dynamic of the biodistribution. Furthermore, an
investigation regarding the presence of the PtNPs in other organs, such as liver,
kidney, spleen, and lungs, followed by both a quantification and histological
evaluation (to identify eventual alteration) could complete the information of both
biodistribution and safety.

To evaluate the PtNPs antioxidant activity in vivo against retinal neurodegeneration,
we induced a degeneration in an albino rat by overexposing them for 24 hours to
high intensity (1000 lux) light. Our results clearly show a good efficacy of the NPs in
preserving the electrophysiological activity in the inner layer of degenerated retinas.
Considering the absence of a morphological preservation in the ONL thickness in the
treated animals compared to the control group, it is not clear wherefore these effects
are evident at all luminances tested in the b wave amplitude preservation in scotopic
conditions, without showing significant influence in the a wave at the same
experimental condition, nor following photopic stimulation. One hypothesis is that
the higher noise/signal ratio of the a wave obtained as consequence of the strong
reduction in its amplitude in the damaged animals for both groups increase the
variability of the preservation value, therefore leading to a loss of the eventual
positive effects of the NPs. A detail supporting this hypothesis is revealed with the a
wave preservation means, which are very different for both groups at 0.1 ,1 and 10
cd*s/m? luminances (1.39, 1.42, 1.51 for PtNPs and 0.98, 1.18, 1.03 for vehicle
respectively). Moreover, the distribution of the data sets in the treated group is much
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wider, suggesting a possible action of the NPs in preserving the PRs activity, even if
with no significant effects with these experimental settings.

Moreover, PtNPs could act on the inner layers either better preserving cells that are
less stressed by light comparedto PRs or by positively modulating the transmission
efficacy of those retinal components, for example by downregulating trophic factors
as FGF2, known to reduce the synaptic transmission efficiency (Gargini et al., 2004).
Indeed, a wider spectrum observation of the retinal sections at the TEM may
enlighten an eventual internalization of the PtNPs in BCs and MCs, which are
responsible for the generation of the b wave (Dick et al., 1985, 1985; Sillman et al.,
1969), rather than PRs. Furthermore, additional immunohistochemistry assays,
looking to b-FGF2 expression (Gargini et al., 2004; Valter et al., 2005) or PKC
positive cells organization, coupled with Multi Electrode Array (MEA) and biochemical
analysis, may unveil the mechanisms behind PtNPs protection.

Interestingly, PtNPs seems to have statistical effects in the reduction of two major
inflammatory actors induced during degeneration, the activation of the MCs,
measured through GFAP expression quantification (Bringmann et al., 2006; Lewis et
al., 1995; Madigan et al., 1994), and the migration of the microglia from the inner
retina to the ONL (Thanos, 1992). Indeed, an analysis of the microglia morphological
differentiation, thought a Sholl analysis, and the ratio between a proinflammatory
M1 type, usually associated with neurodegeneration (Tang & Le, 2016), and the
positive M2 type, with biochemical or histological assays, could provide further
details about the mechanisms behind PtNPs action as anti-inflammatory agent.

Finally, a combined observation on the ventral hemisphere of the morphological
alteration, GFAP expression and IBA-1 positive cells migration, displayed no
differences between the eyes treated with PtNPs and the vehicle only. Even if the
time of exposition of the retinas to the PtNPs were rather short (15 days) the absence
of any visible alterations suggests the biocompatibility of those NPs in the retina,
paving the way for further investigations.

Our results proved that PtNPs are non-toxic in vivo and could be safely use for
further application. Moreover, they proved effective in preserving retinal function,
with special focus on the inner layers, but showing little effect in both preserving the
morphology and the activity of PRs. Even if those results are mild compared to other
NPs tested on similar models of retinal degeneration (Chen et al., 2006; Maccarone
et al., 2008; Mitra et al., 2014), the comparison of the damage depth in the dorsal
hemisphere of the retina in our experiments seemsto be more extended compared
to the literature. This may suggest that by inducing a weaker damage, a more similar
condition to the chronical degeneration that occurs in most of the retinal
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neurodegenerations, may enlightened stronger results of the PtNPs as therapeutic
agents against photoreceptorial degeneration.
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V. Material and Methods

1 NANOPARTICLE SYNTHESIS

PtNPs were synthesized by collaborators at the Nanobiointeractions and
Nanodiagnostics Lab (IIT), adding 160 uL of H;PtCls 0.5 M (BioXtra grade, Sigma-
Aldrich) and 192 pL of sodium citrate 0.5 M (BioUltra grade, Sigma-Aldrich) to 79.65
mL of MilliQ water. Under vigorous stirring, NaBHs 0.06 M was added to the reaction
vessel dropwise. Then, while still under stirring, the solution was brought to 75 °C
for 30 minutes. After being cooled to room temperature, PtNPs were extensively
washed using 10 K Amicon filters with 2 mM sodium citrate solution.

2 NANOPARTICLECHARACTERIZATION
2.1 Size Distribution

The NPs physiochemical properties are crucial for nanozymes peroxidase mimetic
activity. Indeed, ensuring reproducible NP size and shape in different batches is
essential (Sobaniec et al. 2007). Therefore, PtNPs were characterized by
transmission electron microscopy (TEM) using a JEOL JEM 1011 microscope. 3 ul of
NPs suspension were placed on a 150 mesh Cu grid coated with ultrathin holey
carbon film. The statistical size distribution analysis was performed using Image], by
measuring at least 100 NPs from at least 5 different images.

2.2 DynamiclLight Scattering

Particle size was evaluated by Dynamic Light Scattering (DLS) using a Zetasizer
Nano Range instrument (Malvern, Worcestershire, UK). The reported values are an

average of threeindependent measurements (each consisting of 11 runs).

3 STABILIZATIONIN BIOLOGICAL MEDIA

PtNPs (1 mg/ml) were incubated with 10 mg/ml of rat serum albumin (RSA, A6272,
Merk) for 30 minutes at 37 °C. Albumin was selected as it represents the major
protein component in vitreous fluid (Chen and Chen; Hawkins).
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3.1 Agarose Electrophoresis

The RSA excess in the PtNPs preparation was washed through ultracentrifugation
steps (25,000 rpm for 30 minutes, Optima™ MAX-XP Ultracentrifuge, Beckman
Coulter), followed by suspension in 0.9% NaCl solution.

To assess PtNPs-RSA stability in the cell culture medium, samples and controls were
loaded on a 3.5% agarosegel assay and let run for 30 minutes upon application of
90 V. This agarose concentration allows stable dispersion of PtNPs to enter the gel,
while blocking the entrance of aggregated samples. The presence of RSA coating
increases the size and modify the total charge with a subsequent reduction of the
electrophoretic mobility.

3.2 H20>-TMB Chromogenic Assay

The ability of PtNPs to catalyze the redox between hydrogen peroxide and the
chromogenic substrate TMB was assessed for both "naked” and RSA-coated PtNPs.
In details, 1 pl of PtNPs pre-diluted stock (125 pM) was mixed with 99 pl of sample
(milliQ water or 0.9 % NaCl) and incubated for 5 minutes. The sample was then
diluted 1:10 in the reaction mix, composed by 10 mM sodium acetate buffer
(CH3COOH/CH3COONa) pH 4.5, 200 mM hydrogen peroxide and TMB Substrate
Reagent Set RUO (BD OptEIA) final dilution 1:10. TMB oxidation was detected by
UV-Vis spectrophotometry.

4 PTNPsIN PRIMARY NEURONAL COLTURES

4.1 Primary Neuronal Cultures

Primary cortical cultures were obtained from 20 days-old SD rat embryos (Charles
River). Pregnant rats were sacrificed by CO: inhalation followed by cervical
dislocation. The embryos were removed immediately by cesarean section. Briefly,
cortices were dissociated from the surrounding tissue by enzymatic digestion, with
trypsin-EDTA 0.125 % for 30 minutes at 37 °C, and a mechanical titration, thought
repeated pipetting. Trypsin activity was inhibited by adding Neurobasal medium
supplemented with 2 % B27, 1 % GlutaMax, 1 % penicillin/streptomycin (complete
medium), and 10 % fetal bovine serum. After digestion, neurons were washed in
complete medium, centrifuged at 700 RPM for 5 minutes and resuspended in
complete medium at the desired concentration. All products were purchased from
Life Technologies.
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4.2 Cell Viability Assay

At 17 days in vitro (DIV), primary rat cortical neurons were exposed to Pt-NPs (1
and 10 pg/ml) for 48 hours before performing the viability assay. Cells were then
live stained for 3 minutes at room temperature (RT) with fluorescein diacetate (2
MM) for cell viability, propidium iodide (PI) (1 uM) for cell death and Hoechst 33342
(1 uM) for nuclei visualization. Cell viability was quantified at 20X (0.5 NA)
magnification using a Nikon Eclipse-80i upright epifluorescence microscope (Nikon,
Tokio, Japan), with random sampling of 5 fields per coverslip (n=3
coverslips/sample, from 3 independent cell preparations). Image analysis was
performed using the Image] and the Cell Counter plugin.

4.3 DCF Assay

Primary rat cortical neurons cells were exposed to 1 ug/ml Pt-NPs for 48 hours
before performing the dichlorofluorescein (DCF) assay. Briefly, neurons at 17 DIV
were washed with 0.1 M phosphate buffered saline (PBS, pH 7.4), incubated with 5
MM 2 H2-DCFDA (2’, 7'-dichlorodihydrofluorescein diacetate, Sigma) in phosphate
buffered saline (PBS) for 30 minutes at 37 °C, and washed with PBS again. The DCF
fluorescence intensity was measured by using a plate reader (Infinite F500, TECAN,
Switzerland). The excitation and the emission filters were set at 485 nm and 535
nm, respectively. The results were expressed as fold-increase over control
(untreated neurons). To verify PtNPs ROS scavenging activity, prior to DCF assay
primary cortical neurons were treated with 2 mM H,O, for 5 minutes after the 48
hours incubation with PtNPs.

5 TEMANALYSISON RETINAS

Retinas were extracted, cut in quarters, and a standard fixation procedure was
employed. CO; anesthesia and cervical dislocation were performed to euthanize the
animals. The eye and retina dissection were realized under dim red light. Eyes were
enucleated and transferred to carboxygenated Ames’ medium (Sigma Aldrich). After
enucleation, eyes were immersed for 2 hours in a 2 % glutaraldehyde solutionin 0.1
M Sodium Cacodylate (SC) buffer at pH 7.4. Subsequently, eyes were washed in 0.1
M SC buffer and incubated for 1 hour with 2 % OsO4 solution in 0.1 M SC buffer.

Retinas were washedin SC buffer and then with milliQ water. A 45-minute incubation
in 1 % uranyl-free solution in water and progressive dehydration washes completed
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the fixation procedure, together with a final step of overnight incubation in propylene
oxide and EPON epoxy resin. Finally, the inclusion was cured by leaving samples in
EPON for 48 hours at 60 °C. These samples were sliced at the ultramicrotome at
thicknesses ranging from 1000 to 70 nm. The slicing of the samples was guided by
a toluidine blue staining of thicker slices to foresee retinal orientation upon transfer
of the samples to the metallic TEM grids. Retina explants were imaged using a JEOL
1011 transmission electron microscope operated at 100 kV.

6 ELECTROPHYSIOLOGICALRECORDINGS
6.1 Dark adapted Electroretinogram

ERG was recordedin SD rats (p60, weight 200g /300g females/males) breaded in
dim light subjected to a dark-adapted condition in response to a single white light
flash of increasing intensity (scotopic and photopic conditions), delivered by a
standard Ganzfeld Stimulator (CSO, Pisa Italy). All the operations were performed in
the dark, using only a dim red light when necessary and covering the ERG system to
avoid to screen light reaching the animals. Rats were anaesthetized with
intraperitoneal injection of a Ketamine/Xylazine cocktail (33 mg/100 g and 1.2
mg/100 g body weight) and mounted on a stereotaxic apparatus. The body
temperature of the animal was maintained at 36.5 °C (£ 0.5 °C) for the whole
duration of the experiment. Lidocaine drops were used to anesthetize the eye and 5
pl drop of atropine was applied to maximize pupil diameter. Both eyes were

simultaneously recorded with platinum electrode loops (2 mm diameter) gently

Table 1. Protocol of ERG stimulation. The table displays the different luminances used for the dark-
adapted ERG, the number of flashed averaged to reduce the noise, the recovery time between

flashes in the same test and between the last flash of a test and the first of the successive one.

Recovery time
Luminance|Flashes|Between flashes |Between exams
cd-s:m”-2 n° sec sec
0.001 5 20 120
0.01 5 60 120
0.1 3 60 180
1 3 120 180
10 2 240 240
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placed on the cornea. Reference and ground electrodes were subcutaneously placed
near the eye and in the anterior scalp, respectively. The responses were recorded at
increased light intensities as described in Table 1.

At the end of each recording session, traces were band-pass filtered between 0.1
and 300 Hz. Both a- and b-waves component’s amplitude (pV) for each luminance of
the scotopic ERG was calculated as maximal amplitude.

The evaluation of the photopic response was performed at the end of the scotopic
analysis. The anesthetized animals were light adapted at 10 cd*s*m™2 for 5 minutes,
followed by a stimulation of 20 flashes at 0.5 Hz of 3 cd*s*m~2 intensity, given on
top of a 10 cd*s*m™ background light. At the end of it, swipes were mediated to
reduce the noise on the tracks.

The animals resulting with cataract at the end of the experiment were eliminated

from the experiment.

7 INTRAVITREALINJECTION

For intravitreal injections, we used a 100 pg/ml PtNPs and 1 mg/mI RSA in 0.9 %
NaCl for the treated group and 1 mg/mI RSA in 0.9 % NaCl for the vehicle group
(similar to physiological albumin concentration in the vitreous) (Hawkins 1986).
Microinjection were performed immediately after ERG recordings, while the animals
were still anesthetized. After ocular exophthalmos, 2 pl of either the PtNPs
preparation or RSA solution (both previously mentioned) were injected in both eyes
using a Hamilton syringe under sterile conditions. At the end of the surgery,
ophthalmic antibiotics were applied on the corneas to prevent infections. The animals
were placed back to their cages and monitored daily for the whole duration of the

experiment to ensure good health conditions and absence of ocular alterations.

8 ANIMAL HOUSING

Animals were housed in ventilated Cabinet BIO-C36"” (TECNIPLAST S.p.A., 21020
Buguggiate (VA) Italy), to ensure a constant light intensity exposure of the cages.
The light source was positioned above the cage, at equal distance from the lid of
every cage. The light intensity was kept between 5-10 lux, measured at the top of
the cages, for the entire animal lifespan. Food and water were given ad libitum.
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9 LIGHT EXPOSURE

At the end of the daily phase of the circadian cycle, the animals were placed in
individual transparent plexiglass cages. Following 12 hours of dark adaptation, the
animals were exposed to bidirectional white light, from both top and bottom of the
cage, at 1000 lux for 24 hours. The LD started at the beginning of the light phase of
the circadian cycle. Temperature, humidity, and ventilation were controlled. The
health of the animals was assessed several times during the light exposure. Food
and water were strategically placed to avoid the formation of shadow spots in the
cage. At the end of the procedure, animals were placed back in their breeding cage
and monitored daily forthe presence of distress.

10 MORPHOLOGY

Animals were euthanized, eyes enucleated and fixed with 4% paraformaldehyde
solution for 2 hours at room temperature. After several washes in PBS, eye-cup
processing was performed. The eye underwent a cryoprotective procedure of
dehydration as a result of the immersion in rising concentrations of sucrose (15%
for 30 minutes and 30% overnight) dissolved in PBS. Then, eyes wereembedded in
OCT (optimum cutting temperature; Sicigen Scientific Gardena, CA) and frozen in
dry ice. Using a cryostat, 25 um-thick slices were made for each retina and collected
onto gelatin/poly-L-lysine-coated slides. Slices were taken in a superior - inferior
direction, selecting those which presented the optic nerve emergence in order to
obtain a topographic comparison between the various samples.

11 IMMUNOSTAINING

Cryosections were also used for immunostaining. A pap-pen (Sigma Aldrich) was
used on the slices to create a hydrophobic edge around the retinal sections. When
dried, slices were placed in a humid chamber, an opaque box with soaking paper at
the bottom to keep them in the dark and avoid dehydration. Three washes of 10
minutes with PBS were gently done to avoid mechanical stress. Next, slices were
incubated with a blocking solution, composed of 5% bovine serum albumin (BSA)
5% normal goat serum (NGS) and 0.3% Triton-X-100 (all from Sigma Aldrich) in
PBS, at room temperature for 2 hours. Slices were incubated overnight at 4 °C with
primary antibodies against two molecular markers of retinal inflammation, ionized
calcium-binding adaptor molecule 1 IBA-1 (1:1000; Wako Pure Chemical Industries,
Japan) and GFAP (1:200; Sigma) in a solution composed of 1% bovine serum
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albumin (BSA), 1% normal goat serum (NGS) and 0.3% Triton-X-100. Slices were
then washed 3 times with PBS before incubation with the fluorescent secondary
antibodies Alexa Fluor 488 and Alexa Fluor 564 (1:500; Molecular Probes, Invitrogen,
Carlsbad, CA), together with bisbenzimide nuclear dye 33342 (1 uM; Hoechst), in
1% bovine serum albumin (BSA), 1% normal goat serum (NGS) and 0.3% Triton-X-
100 for 2 hours at room temperature. Finally, the slides were washed 3 times with
PBS and mounted with glass coverslips and Mowiol (Sigma Aldrich). Slices images
were acquired using a confocal microscope (SP8, Leica Microsystems GmbH, Wetzlar,
Germany) with 20X (NA 0.5) and a 40X (NA 1.3) magnification lens. The image
analysis was performed with Imagel.

12 STATISTICALANALYSIS

The statistical analysis are described in the figure legends. Data are given as

means £ SEM for n = sample size. To assessfor normal distribution of data, the

D’Agostino-Pearson’s normality test was used. To compare data between two

groups that were not normally distributed, we used the non-parametric Mann-

Whitney’s U-test. Statistical significance was set at p-value < 0.05, using the
GraphPad Prism statistical software 8.0.0

69



VI. ACKNOWLEDGEMENTS

First of all I would like to thanks Professor Fabio Benfenati for the enormous
opportunity to work in his lab, and for his support and help during this years.

Second, I would like to thanks Dr. Elisabetta Colombo and Dr. Stefano di Marco for
their incredible help during all the difficulties of this years, in the experimental
planning and all their teachings.

Furthermore, I would like to thanks Valentina Mastronardi, Luca Boselli and Giulia
Tarricone (Nanobiointeractions and Nanodiagnostics Lab in IIT) for the ccPtNPs
synthesis and characterization experiments and Valentina Castagnola, Mattia
Bramini and Giulia Borgonovoforthe in vitro experiments.

Special thanks goes:

- to my parents, my little sister, my granma and my recently passed away grampa,
for constantly encouraging me to find my own way, even when it lead me so far away
fromhome. It was easy to leave, but it wasn’t easy to be far from you all.

- to my friends (expecially Simone, Fabio, Manel, Manon, Libero and Lorenzo) for
their precious advices, which helped me going on even in the darkes moments of
this path.

- to my colleagues (expecially Simona, Sara, Giulia T., Matilde, Alessio and many
others... to many to list you all!'!l), for their help, their continuous support and
(expecially) for bearing me all this time. You will have a special place in heaven for
this ahahaha!!! I will miss you all for sure! (I miss you all already!).

Finally, I would like to thanks the technicians of laboratory and the other collegues,
with whom I shared this important part of my life.

70



VII. REFERENCES

Abdollahi, BehnazBabaye, Reza Malekzadeh, Fatemeh Pournaghi Azar, Fatemeh Salehnia, Ali Reza Naseri,
Marjan Ghorbani, Hamed Hamishehkar, and Ali Reza Farajollahi. 2021. “Main Approaches to
Enhance Radiosensitization in Cancer Cells by Nanoparticles: A Systematic Review.” Advanced
Pharmaceutical Bulletin 11(2).

Adams, M. K. M., E. W. Chong, E. Williamson, K. Z. Aung, G. A. Makeyeva, G. G. Giles, D. R. English, J.
Hopper, R. H. Guymer, P. N. Baird, L. D. Robman, and J. A. Simpson. 2012. “20/20--Alcohol and Age-
Related Macular Degeneration: The Melbourne Collaborative Cohort Study.” American Joumal of
Epidemiology 176(4).

Agarwal, Happy, Amatullah Nakara, and Venkat Kumar Shanmugam. 2019. “Anti-Inflammatory
Mechanism of Various Metal and Metal Oxide Nanoparticles Synthesized Using Plant Extracts: A
Review.” Biomedicine and Pharmacotherapy 109.

Al-Khersan, Hasenin, Rehan M. Hussain, Thomas A. Ciulla, and Pravin U. Dugel. 2019. “Innovative
Therapies for Neovascular Age-Related Macular Degeneration.” Expert Opinion on
Pharmacotherapy 20(15).

Allikmets, Rando, Noah F. Shroyer, Nanda Singh, Johanna M. Seddon, Richard Alan Lewis, Paul S.
Bernstein, Andy Peiffer, Norman A. Zabriskie, Yixin Li, Amy Hutchinson, Michael Dean, James R.
Lupski, and Mark Leppert. 1997. “Mutation of the Stargardt Disease Gene (ABCR) in Age-Related
Macular Degeneration.” Science 277(5333).

Alm, Albertand Anders Bill. 1970. “Blood Flow and Oxygen Extractionin the Cat Uvea at Normal and High
Intraocular Pressures.” Acta Physiologica Scandinavica 80(1).

Apte, Rajendra S. 2021. “Age-Related Macular Degeneration” edited by C. G. Solomon. New England
Journal of Medicine 385(6):539-47.

Austin, Bobbie Ann, Baoying Liu, Zhuging Li, and Robert B. Nussenblatt. 2009. “Biologically Active
Fibronectin Fragments Stimulate Release of MCP-1 and Catabolic Cytokines from Murine Retinal
Pigment Epithelium.” Investigative Ophthalmology and Visual Science 50(6).

B. Doménech, Elenaand Gemma Marfany. 2020. “The Relevance of Oxidative Stress in the Pathogenesis
and Therapy of Retinal Dystrophies.” Antioxidants 9(4):347.

Baati, Tarek, Fanchon Bourasset, Najla Gharbi, Leila Njim, Manef Abderrabba, Abdelhamid Kerkeni, Henri
Szwarc, and Fathi Moussa. 2012. “The Prolongation of the Lifespan of Rats by Repeated Oral
Administration of [60]Fullerene.” Biomaterials 33(19).

Baimanov, Didar, Rong Cai, and Chunying Chen. 2019. “Understanding the Chemical Nature of

71



Nanoparticle-Protein Interactions.” Bioconjugate Chemistry 30(7).

Ban, Yuriko and Lawrence J. Rizzolo. 2000. “Regulation of Glucose Transporters during Development of
the Retinal Pigment Epithelium.” Developmental Brain Research 121(1).

Bardaweel, Sanaa K., Mustafa Gul, Muhammad Alzweiri, Aman Ishagat, Husam A. Alsalamat, and Rasha
M. Bashatwah. 2018. “Reactive Oxygen Species: The Dual Role in Physiological and Pathological
Conditions of the Human Body.” Eurasian Journal of Medicine 50(3).

Barlow, H. B. 1953. “Summation and Inhibition in the Frog’s Retina.” The Journal of Physiology 119(1).

Battelle, Barbara Anne and Matthew M. LaVail. 1978. “Rhodopsin Content and Rod Outer Segment Length
in Albino Rat Eyes: Modification by Dark Adaptation.” Experimental Eye Research 26(4).

Bay, Virginia and Arthur M. Butt. 2012. “Relationship between Glial Potassium Regulation and Axon
Excitability: A Role for Glial Kir4.1 Channels.” GLIA 60(4).

Baylor,D.A., T.D. Lamb, and K. W. Yau. 1979. “Responses of Retinal Rods to Single Photons.” The Joumal
of Physiology 288(1).

Baylor, Denis. 1996. “How Photons Start Vision.” Proceedings of the National Academy of Sciences of the
United States of America 93(2).

Bazan, N. G., W. C. Gordon, and E. B. Rodriguez de Turco. 1992. “Docosahexaenoic Acid Uptake and
Metabolismin Photoreceptors: Retinal Conservation by an Efficient Retinal Pigment Epithelial Cell-
Mediated Recycling Process.” Advances in Experimental Medicine and Biology 318.

Bazan, N. G., E. B. Rodriguez de Turco, and W. C. Gordon. 1994. “Docosahexaenoic Acid Supply to the
Retinaand Its Conservation in Photoreceptor Cellsby Active Retinal Pigment Epithelium-Mediated
Recycling” World Review of Nutrition and Dietetics 75.

Beattie, J. Renwick, Anna M. Pawlak, Michael E. Boulton, Jianye Zhang, Vincent M. Monnier, John J.
McGarvey, and Alan W. Stitt. 2010. “Multiplex Analysis of Age-related Protein and Lipid
Modifications in Human Bruch’s Membrane.” The FASEB Journal 24(12).

Beatty, Stephen, Hui HiangKoh, M. Phil, David Henson, and Michael Boulton. 2000. “The Role of Oxidative
Stressin the Pathogenesisof Age-Related Macular Degeneration.” Survey of Ophthalmology 45(2).

Benedetto, Maria M. and Maria A. Contin. 2019. “Oxidative Stress in Retinal Degeneration Promoted by
Constant LED Light.” Frontiers in Cellular Neuroscience 13.

Bhisitkul, Robert B., Thais S. Mendes, Soraya Rofagha, Wayne Enanoria, David S. Boyer, Srini Vas R. Sadda,
and Kang Zhang. 2015. “Macular Atrophy Progression and 7-Year Vision Outcomes in Subjects from
the ANCHOR, MARINA, and HORIZON Studies: The SEVEN-UP Study.” American Journal of
Ophthalmology 159(5).

Biedermann, Bernd, Andreas Bringmann, Kristian Franze, Frank Faude, Peter Wiedemann, and Andreas
Reichenbach.2004. “GABAA Receptors in Miller Glial Cells of the Human Retina.” GLIA 46(3).

Bird, A. C., N. M. Bressler, S. B. Bressler, I. H. Chisholm, G. Coscas, M. D. Davis, P. T. V. M. de Jong, C. C.
W.Klaver, B.E.K.Klein, R. Klein, P. Mitchell, J. P. Sarks, S. H. Sarks, G. Soubrane, H. R. Taylor, and J.

R. Vingerling. 1995. “An International Classification and Grading System for Age-Related

72



Maculopathy and Age-Related Macular Degeneration.” Survey of Ophthalmology 39(5).

Block, F.and K. H. Sontag. 1991. “Reduction Of Ocular Blood Flow Results In Glial Fibrillary Acidic Protein
(Gfap) ExpressionIn Rat Retinal MiiLler Cells.” Visual Neuroscience 7(6).

Bodeutsch, Nicole and Solon Thanos. 2000. “Migration of Phagocytotic Cells and Development of the
Murine Intraretinal Microglial Network: Anin Vivo Study Using Fluorescent Dyes.” GLIA 32(1).

Boije, Henrik, Shahrzad Shirazi Fard, Per Henrik Edqvist, and Finn Hallbdok. 2016. “Horizontal Cells, the
Odd Ones out in the Retina, Give Insights into Development and Disease.” Frontiers in
Neuroanatomy 10(JUL).

Bok, D. 1993. “The Retinal Pigment Epithelium: A Versatile Partner in Vision.” in Journal of Cell Science.
Vol. 106.

Bouafia, Abderrhmane and Salah Eddine Laouini. 2020. “Plant-Mediated Synthesis of Iron Oxide
Nanoparticles and Evaluation of the Antimicrobial Activity: A Review.” Mini-Reviews in Organic
Chemistry 18(6).

Bourne, Rupert R. A., Seth R. Flaxman, Tasanee Braithwaite, et al. 2017. “Magnitude, Temporal Trends,
and Projections of the Global Prevalence of Blindness and Distance and near Vision Impairment: A
Systematic Review and Meta-Analysis.” The Lancet Global Health 5(9):e888-97.

Bourne, Rupert R. A., Jost B. Jonas, Alain M. Bron, et al. 2018. “Prevalence and Causes of Vision Loss in
High-Income Countries and in Eastern and Central Europe in 2015: Magnitude, Temporal Trends
and Projections.” British Journal of Ophthalmology 102(5):575-85.

Bowmaker, J. K. and H. J. Dartnall. 1980. “Visual Pigments of Rods and Cones in a Human Retina.” The
Journal of Physiology 298(1).

Boycott, B. B., J. E. Dowling, and H. Kolb. 1969. “Organization of the Primate Retina: Light Microscopy.”
Philosophical Transactions of the Royal Society B: Biological Sciences 255(799).

Brandstatter, Johann Helmut, Peter Koulen, and Heinz Wassle. 1997. “Selective Synaptic Distribution of
Kainate Receptor Subunits in the Two Plexiform Layers of the Rat Retina.” Journal of Neuroscience
17(23).

Bringmann, Andreas, Thomas Pannicke, Jens Grosche, Mike Francke, Peter Wiedemann, Serguei N.
Skatchkov, Neville N. Osborne, and Andreas Reichenbach. 2006. “Miiller Cells in the Healthy and
Diseased Retina.” Progress in Retinal and Eye Research 25(4).

Brody, Barbara L., Anthony C. Gamst, Rebecca A. Williams, Amanda R. Smith, Philip W. Lau, Douglas
Dolnak, Mark H. Rapaport, Robert M. Kaplan, and Stuart 1. Brown. 2001. “Depression, Visual Acuity,
Comorbidity, and Disability Associated with Age-Related Macular Degeneration.” Ophthalmology
108(10).

Brown, David M., Peter K. Kaiser, Mark Michels, Gisele Soubrane, JeffreyS. Heier, RobertY. Kim, Judy P.
Sy, and Susan Schneider. 2006. “Ranibizumab versus Verteporfin for Neovascular Age -Related
Macular Degeneration.” New EnglandJournal of Medicine 355(14):1432—-44.

Busch, Eelco M., Theo G. M. F. Gorgels, Joan E. Roberts, and Dirk Van Norren. 1999. “The Effects of Two

73



Stereoisomers of N-Acetylcysteine on Photochemical Damage by UVA and Blue Light in Rat Retina.”
Photochemistry and Photobiology 70(3).

Buschini, Elisa, Antonio Piras, Raffaele Nuzzi, and Alessandro Vercelli. 2011. “Age Related Macular
Degenerationand Drusen: Neuroinflammation in the Retina.” Progress in Neurobiology 95(1).

Cajal,S. R. 1893. “LaRetine Des Vertebres.” in The vertebrate retina.

Calugaru, Dan and Mihai Calugaru. 2019. “Conbercept for Treatment of Neovascular Age-Related Macular
Degeneration: Results of the Randomized Phase 3 Phoenix Study.” American Journal of
Ophthalmology 198.

Calzia, Daniela, Michele Oneto, Federico Caicci, Paolo Bianchini, Silvia Ravera, Martina Bartolucci, Alberto
Diaspro, Paolo Degan, Lucia Manni, Carlo Enrico Traverso, and Isabella Panfoli. 2015. “Effect of
Polyphenolic Phytochemicals on Ectopic Oxidative Phosphorylation in Rod Outer Segments of
Bovine Retina.” British Journal of Pharmacology 172(15).

Carocci, Alessia, Alessia Catalano, Maria Stefania Sinicropi, and Giuseppe Genchi. 2018. “Oxidative Stress
and Neurodegeneration: The Involvement of Iron.” BioMetals 31(5).

Cayouette, Michel, Sylvia B. Smith, S. Patricia Becerra, and Claude Gravel. 1999. “Pigment Epithelium-
Derived Factor Delays the Death of Photoreceptors in Mouse Models of Inherited Retinal
Degenerations.” Neurobiology of Disease 6(6).

Chakravarthy, Usha, Tien Y. Wong, Astrid Fletcher, Elisabeth Piault, Christopher Evans, Gergana Zlateva,
Ronald Buggage, Andreas Pleil, and Paul Mitchell. 2010. “Clinical Risk Factors for Age -Related
Macular Degeneration: A Systematic Review and Meta-Analysis.” BMC Ophthalmology 10(1).

Chen, Junping, Swanand Patil, Sudipta Seal, and James F. McGinnis. 2006. “Rare Earth Nanoparticles
Prevent Retinal Degeneration Induced by Intracellular Peroxides.” Nature Nanotechnology
1(2):142-50.

Chen, Ling, Peizeng Yang, and Aize Kijlstra. 2002. “Distribution, Markers, and Functions of Retinal
Microglia.” OcularImmunology and Inflammation 10(1).

Chew, Emily Y., Traci E. Clemons, Elvira Agréon, Robert D. Sperduto, John Paul Sangiovanni, Natalie Kurinij,
and Matthew D. Davis. 2013. “Long-Term Effects of Vitamins C and E, f-Carotene, and Zinc on Age-
Related Macular Degeneration: AREDSReport No. 35.” Ophthalmology.

Chung, Daniel C. and Elias I. Traboulsi. 2009. “Leber Congenital Amaurosis: Clinical Correlations with
Genotypes, Gene Therapy Trials Update, and Future Directions.” Journal of AAPOS 13(6).

Clark, Andrea, Aiping Zhu, KaiSun, and Howard R. Petty. 2011. “Cerium Oxide and Platinum Nanoparticles
Protect Cells from Oxidant-Mediated Apoptosis.” Journal of Nanoparticle Research 13(10):5547—
55.

Clausen, Ralf, Michael Weller, Peter Wiedemann, Klaus Heimann, Ralf Dieter Hilgers, and Karl Zilles. 1991.
“An Immunochemical Quantitative Analysis of the Protein Pattern in Physiologic and Pathologic
Vitreous.” Graefe’s Archive for Clinical and Experimental Ophthalmology 229(2).

Coleman, Hanna R., Chi-Chao Chan, Frederick L. Ferris, and Emily Y. Chew. 2008. “Age-Related Macular

74



Degeneration.” The Lancet 372(9652):1835—45.

Cowan, Christopher W., Robert N. Fariss, Izabela Sokal, Krzysztof Palczewski, and Theodore G. Wensel.
1998. “High Expression Levels in Cones of RGS9, the Predominant GTPase Accelerating Protein of
Rods.” Proceedings of the National Academy of Sciences of the United States of America 95(9).

Crisan, Corina Michaela, Teodora Mocan, Meda Manolea, Lavinia lulia Lasca, Flaviu Alexandru Tabaran,
and Lucian Mocan. 2021. “Review on Silver Nanoparticles as a Novel Class of Antibacterial
Solutions.” Applied Sciences (Switzerland) 11(3).

Curcio, Christine A., Mark Johnson, Jiahn Dar Huang, and Martin Rudolf. 2009. “Aging, Age-Related
Macular Degeneration, and the Response-to-Retention of Apolipoprotein B-Containing
Lipoproteins.” Progress in Retinal and Eye Research 28(6).

Curcio, Christine A., Jeffrey D. Messinger, Kenneth R. Sloan, Gerald McGwin, Nancy E. Medeiros, and
Richard F.Spaide. 2013. “SUBRETINAL DRUSENOID DEPOSITS IN NON-NEOVASCULARAGE-RELATED
MACULAR DEGENERATION.” Retina 33(2):265-76.

D’Cruz, Patricia M., Douglas Yasumura, Jessica Weir, Michael T. Matthes, Hadi Abderrahim, Matthew M.
LaVail, and Douglas Vollrath. 2000. “Mutation of the Receptor Tyrosine Kinase Gene Mertk in the
Retinal Dystrophic RCS Rat.” Human Molecular Genetics.

Davis, Matthew D., Ronald E. Gangnon, Li Yin Lee, Larry D. Hubbard, Barbara E. K. Klein, Ronald Klein,
FrederickL. Ferris, Susan B. Bressler, and Roy C. Milton. 2005. “The Age-Related Eye Disease Study
Severity Scale for Age-Related Macular Degeneration: AREDS Report No. 17.” Archives of
Ophthalmology 123(11).

Daya, Shyamand Kenneth |. Berns. 2008. “Gene Therapy Using Adeno-Associated Virus Vectors.” Clinical
Microbiology Reviews 21(4).

Deguchi, Junko, Akitsugu Yamamoto, Koichiro Omori, and Yutaka Tashiro. 1994. “Immunocytochemical
Analyses of Distributions of Na, K-ATPase and GLUT1, Insulin and Transferrin Receptors in the
Developing Retinal Pigment Epithelial Cells.” Cell Structure and Function 19(1).

Deliconstantinos, George, Vassiliki Villiotou, and John C. Stavrides. 1996. “Alterations of Nitric Oxide
Synthase and Xanthine Oxidase Activities of Human Keratinocytes by Ultraviolet B Radiation.”
Biochemical Pharmacology 51(12).

DeVries, Steven H. 2000. “Bipolar Cells Use Kainate and AMPA Receptorsto Filter Visual Informationinto
Separate Channels.” Neuron 28(3).

DeVries, Steven H. and Eric A. Schwartz. 1999. “Kainate Receptors Mediate Synaptic Transmission
between Cones and ‘Off Bipolar Cellsin a Mammalian Retina.” Nature 397(6715).

Dhand, Chetna, Neeraj Dwivedi, XianJun Loh, Alice Ng Jie Ying, Navin KumarVerma, Roger W. Beuerman,
Rajamani Lakshminarayanan, and Seeram Ramakrishna. 2015. “Methods and Strategies for the
Synthesis of Diverse Nanoparticles and Their Applications: A Comprehensive Overview.” RSC

Advances 5(127).

Diamond, JeffreyS. 2017. “InhibitoryInterneurons in the Retina: Types, Circuitry, and Function.” Annual

75



Review of Vision Science 3.

Dick, Evan, Robert F. Miller, and Stewart Bloomfield. 1985. “Extracellular K+ Activity Changes Related to
Electroretinogram Components: Il. Rabbit (E-Type) Retinas.” Journal of General Physiology
85(6):911-31.doi: 10.1085/jgp.85.6.911.

Djordjevic, Aleksandar, Branislava Srdjenovic, Mariana Seke, Danijela Petrovic, Rade Injac, and Jasminka
Mrdjanovic. 2015. “Review of Synthesis and Antioxidant Potential of Fullerenol Nanoparticles.”
Journal of Nanomaterials 2015.

Dobrovolskaia, Marina A., Barry W. Neun, Jeffrey D. Clogston, Jennifer H. Grossman, and Scott E. McNeil.
2014. “Choice of Method for Endotoxin Detection Depends on Nanoformulation.” Nanomedidne
9(12).

Dong, Cun Jian and William A. Hare. 2003. “Temporal Modulation of Scotopic Visual Signals by A17
Amacrine Cellsin Mammalian Retinain Vivo.” Journal of Neurophysiology 89(4).

Donovan, Maryanne, RuaidhriJ. Carmody, and Thomas G. Cotter. 2001. “Light-Induced Photoreceptor
Apoptosis in Vivo Requires Neuronal Nitric-Oxide Synthase and Guanylate Cyclase Activity and Is
Caspase-3-Independent.” Journal of Biological Chemistry 276(25).

Droge, Wulf. 2002. “Free Radicals in the Physiological Control of Cell Function.” Physiological Reviews
82(1).

Dugel, Pravin U., Adrian Koh, Yuichiro Ogura, Glenn J. Jaffe, Ursula Schmidt-Erfurth, David M. Brown,
Andre V. Gomes, James Warburton, Andreas Weichselberger, and Frank G. Holz. 2020. “HAWK and
HARRIER: Phase 3, Multicenter, Randomized, Double-Masked Trials of Brolucizumab for
Neovascular Age-Related Macular Degeneration.” in Ophthalmology.Vol. 127.

Ealias, Anu Mary and M. P. Saravanakumar. 2017. “A Review on the Classification, Characterisation,
Synthesis of Nanoparticles and Their Application.” in IOP Conference Series: Materials Science and
Engineering.Vol.263.

Edelstein, R.L., C. R. Tamanaha, P. E. Sheehan, M. M. Miller, D.R. Baselt, L.J. Whitman, and R.J. Colton.
2000. “The BARC Biosensor Applied to the Detection of Biological Warfare Agents.” Biosensors and
Bioelectronics 14(10-11).

Eisenfeld, A.J., A. H. Bunt-Milam, and P. V. Sarthy. 1984. “Muller Cell Expression of Glial Fibrillary Acidic
Protein after Genetic and Experimental Photoreceptor Degeneration in the Rat Retina.”
Investigative Ophthalmology and Visual Science 25(11).

Erickson, Page A., StevenK. Fisher, ChristopherJ. Guérin, Don H. Anderson, and Deborah D. Kaska. 1987.
“Glial Fibrillary Acidic Protein Increases in Miiller Cells after Retinal Detachment.” Experimental Eye
Research 44(1).

Evans, Mark D., Miral Dizdaroglu, and Marcus S. Cooke. 2004. “Oxidative DNA Damage and Disease:
Induction, Repairand Significance.” Mutation Research - Reviews in Mutation Research 567(1).

Falsini, Benedetto, Marco Piccardi, Angelo Minnella, Cristina Savastano, Ettore Capoluongo, Antonello

Fadda, Emilio Balestrazzi, Rita Maccarone, and Silvia Bisti. 2010. “Influence of Saffron

76



Supplementation on Retinal Flicker Sensitivity in Early Age-Related Macular Degeneration.”
Investigative Opthalmology & Visual Science 51(12):6118.

Farber, Debora B., Janet Seager Danciger, and Daniel T. Organisciak. 1991. “Levels of MRNA Encoding
Proteins of the CGMP Cascade as a Function of Light Environment.” Experimental Eye Research
53(6):781-86.

Feng, Wei, Douglas Yasumura, Michael T. Matthes, Matthew M. Lavail, and Douglas Vollrath. 2002.
“Mertk Triggers Uptake of Photoreceptor Outer Segments during Phagocytosis by Cultured Retinal
Pigment Epithelial Cells.” Journalof Biological Chemistry 277(19).

Ferrara, Napoleone, Kenneth J. Hillan, Hans Peter Gerber, and William Novotny. 2004. “Discovery and
Development of Bevacizumab, an Anti-VEGF Antibody for Treating Cancer.” Nature Reviews Drug
Discovery 3(5).

Ferris, Frederick L., C. P. Wilkinson, Alan Bird, Usha Chakravarthy, Emily Chew, Karl Csaky, and Srinivas R.
Sadda. 2013. “Clinical Classification of Age-Related Macular Degeneration.” Ophthalmology
120(4):844-51.

Ferrone, Philip J., Farihah Anwar, Jonathan Naysan, Khurram Chaudhary, David Fastenberg, Kenneth
Graham, and Vincent Deramo. 2014. “Early Initial Clinical Experience with Intravitreal Aflibercept
for Wet Age-Related Macular Degeneration.” British Journal of Ophthalmology 98(SUPPL. 1).

Fesenko, Evgeniy E., Stanislav S. Kolesnikov, and ArkadiyL. Lyubarsky. 1985. “Induction by Cyclic GMP of
Cationic Conductance in Plasma Membrane of Retinal Rod Outer Segment.” Nature 313(6000).

Finnemann, Silvia C. and Roy L. Silverstein. 2001. “Differential Roles of CD36 and Avf5 Integrin in
Photoreceptor Phagocytosis by the Retinal Pigment Epithelium.” Journal of Experimental Medidne
194(9).

Fiorani, Lavinia, Maurizio Passacantando, Sandro Santucci, Stefano Di Marco, Silvia Bisti, and Rita
Maccarone. 2015. “Cerium Oxide Nanoparticles Reduce Microglial Activation and
Neurodegenerative Events in Light Damaged Retina” edited by T. Langmann. PLOS ONE
10(10):e0140387.

Flaxman, Seth R., Rupert R. A. Bourne, Serge Resnikoff, Peter Ackland, Tasanee Braithwaite, Maria V.
Cicinelli, Aditi Das, Jost B. Jonas, Jill Keeffe, John H. Kempen, Janet Leasher, Hans Limburg, Kovin
Naidoo, Konrad Pesudovs, AlexSilvester, Gretchen A. Stevens, Nina Tahhan, Tien Y. Wong, Hugh R.
Taylor, Rupert Bourne, Peter Ackland, Aries Arditi, Yaniv Barkana, Banu Bozkurt, Tasanee
Braithwaite, Alain Bron, Donald Budenz, Feng Cai, Robert Casson, Usha Chakravarthy, Jaewan Choi,
Maria Vittoria Cicinelli, Nathan Congdon, Reza Dana, Rakhi Dandona, Lalit Dandona, Aditi Das, Iva
Dekaris, Monte Del Monte, Jenny Deva, Laura Dreer, Leon Ellwein, Marcela Frazier, Kevin Frick,
David Friedman, Joao Furtado, Hua Gao, Gus Gazzard, Ronnie George, Stephen Gichuhi, Victor
Gonzalez, Billy Hammond, Mary Elizabeth Hartnett, Minguang He, James Hejtmancik, Flavio Hirai,
John Huang, April Ingram, Jonathan Javitt, Jost Jonas, Charlotte Joslin, Jill Keeffe, John Kempen,

Moncef Khairallah, Rohit Khanna, Judy Kim, George Lambrou, Van Charles Lansingh, Paolo Lanzetta,

77



Janet Leasher, Jennifer Lim, Hans LIMBURG, Kaweh Mansouri, Anu Mathew, Alan Morse, Beatriz
Munoz, David Musch, Kovin Naidoo, Vinay Nangia, Maria Palaiou, Maurizio Battaglia Parodi,
Fernando Yaacov Pena, Konrad Pesudovs, Tunde Peto, Harry Quigley, Murugesan Raju, Pradeep
Ramulu, Zane Rankin, Serge Resnikoff, Dana Reza, Alan Robin, Luca Rossetti, Jinan Saaddine, Mya
Sandar, Janet Serle, Tueng Shen, Rajesh Shetty, Pamela Sieving, Juan Carlos Silva, Alex Silvester, Rita
S. Sitorus, Dwight Stambolian, Gretchen Stevens, Hugh Taylor, Jaime Tejedor, James Tielsch,
Miltiadis Tsilimbaris, Jan van Meurs, Rohit Varma, Gianni Virgili, Ya Xing Wang, Ning-Li Wang, Sheila
West, Peter Wiedemann, TienWong, Richard Wormald, and Yingfeng Zheng. 2017. “Global Causes
of Blindness and Distance Vision Impairment 1990-2020: A Systematic Reviewand Meta-Analysis.”
The Lancet Global Health 5(12):e1221-34.

Fletcher, Erica L. 2020. “Contribution of Microglia and Monocytes to the Development and Progression
of Age Related Macular Degeneration.” Ophthalmic and Physiological Optics 40(2).

Flores-Herr, Nicolas, Dario A. Protti, and Heinz Wassle. 2001. “Synaptic Currents Generating the Inhibitory
Surround of Ganglion Cells in the Mammalian Retina.” Journal of Neuroscience 21(13).

Fontainhas, Aurora M., Minhua Wang, Katharine J. Liang, Shan Chen, Pradeep Mettu, Mausam Damani,
RobertN. Fariss, Wei Li,and Wai T. Wong. 2011. “Microglial Morphology and Dynamic Behavior Is
Regulated by lonotropic Glutamatergicand GABAergic Neurotransmission.” PLoS ONE 6(1).

Franke, Katrin and Tom Baden. 2017. “General Features of Inhibition in the Inner Retina.” in Joumal of
Physiology.Vol.595.

Fritsche, Lars G., Wilmar Igl, Jessica N. Cook. Bailey, FelixGrassmann,etal. 2016. “A Large Genome-Wide
Association Study of Age-Related Macular Degeneration Highlights Contributions of Rare and
Common Variants.” Nature Genetics 48(2).

Fujihara, Masashi, Norihiro Nagai, Thomas E. Sussan, Shyam Biswal, and James T. Handa. 2008. “Chronic
Cigarette Smoke Causes Oxidative Damage and Apoptosis to Retinal Pigmented Epithelial Cells in
Mice.” PLoS ONE 3(9).

m

Gabor, F.2011. “Characterization of Nanoparticlesintendedfor Drug Delivery.”” Scientia Pharmaceutica
79(3).

Gal, Andreas, Yun Li, Debra A. Thompson, Jessica Weir, Ulrike Orth, Samuel G. Jacobson, Eckart
Apfelstedt-Sylla, and Douglas Vollrath. 2000. “Mutations in MERTK, the Human Orthologue of the
RCS Rat Retinal Dystrophy Gene, Cause Retinitis Pigmentosa.” Nature Genetics 26(3).

Gallego, Beatriz I., Juan J. Salazar, Rosa de Hoz, Blanca Rojas, Ana |. Ramirez, Manuel Salinas-Navarro,
Arturo Ortin-Martinez, Francisco J. Valiente-Soriano, Marcelino Avilés-Trigueros, Maria P. Villegas-
Perez, Manuel Vidal-Sanz, Alberto Trivifio, and Jose M. Ramirez. 2012. “IOP Induces Upregulation
of GFAP and MHC-II and Microglia Reactivity in Mice Retina Contralateral to Experimental
Glaucoma.” Journal of Neuroinflammation 9.

Gargini, C., S. Bisti, G. C. Demontis, K. Valter, J. Stone, and L. Cervetto. 2004. “Electroretinogram Changes

Associated with Retinal Upregulation of Trophic Factors: Observations Following Optic Nerve

78



Section.” Neuroscience 126(3):775-83.

Gao, Xiangqun and Paul Talalay. 2004. “Induction of Phase 2 Genes by Sulforaphane Protects, Retinal
Pigment Epithelial Cells against Photooxidative Damage.” Proceedings of the National Academy of
Sciences of the United States of America 101(28).

Gavas, Shreelaxmi, Sameer Quazi, and Tomasz M. Karpinski. 2021. “Nanoparticles for Cancer Therapy:
Current Progressand Challenges.” Nanoscale Research Letters 16(1).

Gharbi, Najla, Monique Pressac, Michelle Hadchouel, Henri Szwarc, Stephen R. Wilson, and Fathi Moussa.
2005. “[60]Fullerene Is a Powerful Antioxidant in Vivo with No Acute or Subacute Toxicity.” Nano
Letters 5(12).

Ghosh, Krishna K., Sascha Bujan, Silke Haverkamp, Andreas Feigenspan, and Heinz Wissle. 2004. “Types
of Bipolar Cells in the Mouse Retina.” Journal of Comparative Neurology 469(1).

Godley, Bernard F., Farrukh A. Shamsi, Fong-Qi Liang, Stuart G. Jarrett, Sallyanne Davies, and Mike
Boulton. 2005. “Blue Light Induces Mitochondrial DNA Damage and Free Radical Production in
Epithelial Cells.” Journalof Biological Chemistry 280(22):21061-66.

Gonzalez-Carter, Daniel A., Bey Fen Leo, Pakatip Ruenraroengsak, Shu Chen, Angela E. Goode, loannis G.
Theodorou, Kian Fan Chung, Raffaella Carzaniga, Milo S. P. Shaffer, David T. Dexter, Mary P. Ryan,
and Alexandra E. Porter. 2017. “Silver Nanoparticles Reduce Brain Inflammation and Related
Neurotoxicity throughInduction of H 2 S-Synthesizing Enzymes.” Scientific Reports 7.

Gopal, Judy, Nazim Hasan, M. Manikandan, and Hui Fen Wu. 2013. “Bacterial Toxicity/Compatibility of
Platinum Nanospheres, Nanocuboids and Nanoflowers.” Scientific Reports 3.

Gopinath, Bamini, Gerald Liew, George Burlutsky, and Paul Mitchell. 2014. “Age -Related Macular
Degenerationand 5-Year Incidence of Impaired Activities of Daily Living.” Maturitas 77(3).

Gordon, Sharona E., David L. Brautigan, and Anita L. Zimmerman. 1992. “Protein Phosphatases Modulate
the Apparent Agonist Affinity of the Light-Regulatedlon Channel in Retinal Rods.” Neuron 9(4).

Goureau, Olivier, Jean Claude Jeanny, Frank Becquet, Marie Paule Hartmann, and Yves Courtois. 1993.
“Protection against Light-Induced Retinal Degeneration by an Inhibitor of No Synthase.”
NeuroReport5(3).

Granit, Ragnar. 1933. “The Components of the Retinal Action Potential in Mammals and Their Relation to
the Discharge in the Optic Nerve.” The Journal of Physiology 77(3):207-39.

Green, W.R.1999. “Histopathology of Age-Related Macular Degeneration.” Molecular Vision 5.

Grimes, William N., Jun Zhang, Hua Tian, Cole W. Graydon, Mrinalini Hoon, Fred Rieke, and Jeffrey S.
Diamond. 2015. “Complex Inhibitory Microcircuitry Regulates Retinal Signaling near Visual
Threshold.” Journal of Neurophysiology 114(1).

Grimm, Christian, Andreas Wenzel, Farhad Hafezi, Shirley Yu, T. Michael Redmond, and Charlotte E.
Remé. 2000. “Protection of Rpe65-Deficient Mice Identifies Rhodopsin as a Mediator of Light-
Induced Retinal Degeneration.” Nature Genetics 25(1):63—66.

Guarnieri, Daniela, Pietro Melone, Mauro Moglianetti, Roberto Marotta, Paolo A. Netti, and Pier Paolo

79



Pompa. 2017. “Particle Size Affects the Cytosolic Delivery of Membranotropic Peptide-
Functionalized Platinum Nanozymes.” Nanoscale 9(31):11288-96.

Gurevich, V. V., E. V. Gurevich, and W. M. Cleghorn. 2008. “Arrestins as Multi-Functional Signaling
Adaptors.” Handbook of Experimental Pharmacology 186.

Hack, Iris, Leo Peichl, and Johann Helmut Brandstatter. 1999. “An Alternative Pathwayfor Rod Signals in
the Rodent Retina: Rod Photoreceptors, Cone Bipolar Cells, and the Localization of Glutamate
Receptors.” Proceedings of the National Academy of Sciences of the United States of America
96(24).

Hadziahmetovic, Majda and Goldis Malek. 2021. “Age-Related Macular Degeneration Revisited: From
Pathology and Cellular Stress to Potential Therapies.” Frontiers in Cell and Developmental Biology
8.

Hamann, Steffen, Jens F. Kiilgaard, Morten La Cour, Jan U. Prause, and Thomas Zeuthen. 2003.
“Cotransportof H+, Lactate, and H20 in Porcine Retinal Pigment Epithelial Cells.” Experimental Eye
Research 76(4).

Hamann, Steffen, Thomas Zeuthen, Morten La Cour, Erlend A. Nagelhus, Ole Petter Ottersen, Peter Agre,
and Sgren Nielsen. 1998. “Aquaporinsin Complex Tissues: Distribution of Aquaporins 1-5 in Human
and Rat Eye.” American Journal of Physiology - Cell Physiology 274(5 43-5).

Hamasaki, Takeki, Taichi Kashiwagi, Toshifumi Imada, Noboru Nakamichi, Shinsuke Aramaki, Kazuko Toh,
Shinkatsu Morisawa, Hisashi Shimakoshi, Yoshio Hisaeda, and Sanetaka Shirahata. 2008. “Kinetic
Analysis of Superoxide Anion Radical-Scavenging and Hydroxyl Radical-Scavenging Activities of
Platinum Nanoparticles.” Langmuir 24(14).

Hawkins, Kumiko Naiki. 1986. “Contribution of Plasma Proteins to the Vitreous of the Rat.” Current Eye
Research 5(9).

He, Feng, Alexander B. Seryshev, Christopher W. Cowan, and Theodore G. Wensel. 2000. “Multiple Zinc
Binding Sites in Retinal Rod CGMP Phosphodiesterase, PDE6a.” Journal of Biological Chemistry
275(27).

He, Wei, Christopher W. Cowan, and Theodore G. Wensel. 1998. “RGS9, a GTPase Accelerator for
Phototransduction.” Neuron 20(1).

Hecht, Selig and Simon Shlaer. 1936. “Intermittent Stimulation by Light: V. the Relation between Inte nsity
and Critical Frequency for Different Parts of the Spectrum.” Journal of General Physiology 19(6).

Heck, Diane E., Anna M. Vetrano, Thomas M. Mariano, and Jeffrey D. Laskin. 2003. “UVB Light Stimulates
Production of Reactive Oxygen Species: Unexpected Role for Catalase.” Journal of Biological
Chemistry 278(25).

Heynen, Henny, and Dirk Van Norren. 1985a. “Origin of the Electroretinogramin the Intact Macaque Eye-
Il. Current Source-Density Analysis.” Vision Research 25(5):709-15.

Heynen, Henny, and Dirk Van Norren. 1985b. “Origin of the Electroretinogram in the Intact Macaque

Eye—I.” Vision Research 25(5):697-707.

80



Hodgkin, A. L., and P. M. Obryan. 1977. “Internal Recording of the Early Receptor Potential in Turtle
Cones.” The Journal of Physiology 267(3):737—66.

Horie, Masanori, Haruhisa Kato, Shigehisa Endoh, Katsuhide Fujita, Keiko Nishio, Lilian Kaede Komaba,
Hiroko Fukui, Ayako Nakamura, Arisa Miyauchi, Tetsuya Nakazato, Shinichi Kinugasa, Yasukazu
Yoshida, Yoshihisa Hagihara, Yasuo Morimoto, and Hitoshi lwahashi. 2011. “Evaluation of Cellular
Influences of Platinum Nanoparticles by Stable Medium Dispersion.” Metallomics 3(11).

Hosaka, Hitomi, Risa Haruki, Kana Yamada, Christoph B6 Ttcher, and Teruyuki Komatsu. 2014.
“Hemoglobin-Albumin Cluster Incorporating a PT Nanoparticle: Artificial 02 Carrier with
Antioxidant Activities.” PLoS ONE 9(10).

Hu, J. G., R. P. Gallemore, D. Bok, A. Y. Lee, and D. A. Frambach. 1994. “Localization of NaK ATPase on
Cultured Human Retinal Pigment Epithelium.” Investigative Ophthalmology and Visual Science
35(10).

Huang, Xiaonan and Ying Chau. 2019. “Intravitreal Nanoparticles for Retinal Delivery.” Drug Discovery
Today 24(8).

Hughes, Bret A. and MasayukiTakahira. 1996. “Inwardly Rectifying K+ Currents in Isolated Human Retinal
Pigment Epithelial Cells.” Investigative Ophthalmology and Visual Science 37(6).

Humphries, Marian M., Derrick Rancourt, G. Jane Farrar, Paul Kenna, Mark Hazel, Ronald A. Bush, Paul A.
Sieving, Denise M. Sheils, Niamh McNally, Peter Creighton, Alexandra Erven, Andras Boros, Karoly
Gulya, Mario R. Capecchi, and Peter Humphries. 1997. “Retinopathy Induced in Mice by Targeted
Disruption of the Rhodopsin Gene.” Nature Genetics 15(2).

Hussain, Rehan M. and Thomas A. Ciulla. 2017. “Emerging Vascular Endothelial Growth Factor
Antagonists to Treat Neovascular Age-Related Macular Degeneration.” Expert Opinion on Emerging
Drugs 22(3).

Imai, Shunsuke, Yuta Inokuchi, Shinsuke Nakamura, Kazuhiro Tsuruma, Masamitsu Shimazawa, and
Hideaki Hara. 2010. “Systemic Administration of a Free Radical Scavenger, Edaravone, Protects
against Light-Induced Photoreceptor Degeneration in the Mouse Retina.” European Journal of
Pharmacology 642(1-3).

Imamura, Yutaka, Setsuko Noda, Kouhei Hashizume, Kei Shinoda, Mineko Yamaguchi, Satoshi Uchiyama,
Takahiko Shimizu, Yutaka Mizushima, Takuji Shirasawa, and Kazuo Tsubota. 2006. “Drusen,
Choroidal Neovascularization, and Retinal Pigment Epithelium Dysfunction in SOD1 -Deficient Mice:
A Model of Age-Related Macular Degeneration.” Proceedingsof the National Academy of Sciences
of the United States of America 103(30).

Ishida, Kazuhiro, Noorjahan Panjwani, Zhiyi Cao, and J. Wayne Streilein. 2003. “Participation of Pigment
Epithelium in Ocular Immune Privilege. 3. Epithelia Cultured from Iris, Ciliary Body, and Retina
Suppress T-Cell Activation by Partially Non-Overlapping Mechanisms.” Ocular Imnmunology and
Inflammation 11(2).

Jacobs, Gerald H., Jay Neitz, and Jess F. Deegan. 1991. “Retinal Receptors in Rodents Maximally Sensitive

81



to UltravioletLight.” Nature 353(6345):655-56.

Jadeja, Ravirajsinh N. and Pamela M. Martin. 2021. “Oxidative Stress and Inflammation in Retinal
Degeneration.” Antioxidants 10(5).

de Jager, T.L., A. E. Cockrell,and S.S. Du Plessis. 2017. “Ultraviolet Light Induced Generation of Reactive
Oxygen Species.” Pp. 15-23in Advances in Experimental Medicine and Biology.Vol. 996.

Jeyaraj, Muniyandi, Sangiliyandi Gurunathan, Muhammad Qasim, Min Hee Kang, and Jin Hoi Kim. 2019.
“A Comprehensive Review on the Synthesis, Characterization, and Biomedical Application of
Platinum Nanoparticles.” Nanomaterials 9(12).

Kagan, Dov B., Hong Liu, and Cindy M. L. Hutnik. 2012. “Efficacy of Various Antioxidants in the Protection
of the Retinal Pigment Epithelium from Oxidative Stress.” Clinical Ophthalmology 6(1).

Kaldi, lldikd, Mark Dittmar, Paula Pierce, and Robert E. Anderson. 2003. “L-NAME Protects against Acute
Light Damage in Albino Rats, but Not against Retinal Degeneration in P23Hand S334ter Transgenic
Rats.” Experimental Eye Research 76(4).

Karwoski, C.J.and L. M. Proenza. 1977. “Relationship between Muller Cell Responses, a Local Transretinal
Potential, and Potassium Flux.” Journal of Neurophysiology 40(2).

Karwoski, Chester J., and Luis M. Proenza. 1980. “Neurons, Potassium, and Glia in Proximal Retina of
Necturus.” Journal of General Physiology 75(2):141-62.

Kawasaki, Ryo, Miho Yasuda, Su Jeong Song, Shih JenChen, Jost B. Jonas, Jie Jin Wang, Paul Mitchell, and
TienY.Wong.2010. “The Prevalence of Age-Related Macular Degeneration in Asians. A Syste matic
Review and Meta-Analysis.” Ophthalmology 117(5).

Ke, Pu Chun, Sijie Lin, Wolfgang J. Parak, Thomas P. Davis, and Frank Caruso. 2017. “A Decade of the
Protein Corona.” ACSNano 11(12).

Khan, J. C., D. A. Thurlby, H. Shahid, D. G. Clayton, John R. W. Yates, M. Bradley, A. T. Moore, and A. C.
Bird. 2006. “Smoking and Age Related Macular Degeneration: The Number of Pack Years of
Cigarette Smoking Is a Major Determinant of Risk for Both Geographic Atrophy and Choroidal
Neovascularisation.” British Journal of Ophthalmology 90(1).

Kim, J. E., M. J. Tauber, and R. A. Mathies. 2001. “Wavelength Dependent Cis-Trans Isomerization in
Vision.” Biochemistry 40(46).

Kim, Jin Hyoung, Myung Hun Kim, Dong Hyun Jo, Young Suk Yu, Tae Geol Lee, and Jeong Hun Kim. 2011.
“The Inhibition of Retinal Neovascularization by Gold Nanoparticles via Suppression of VEGFR-2
Activation.” Biomaterials.

Kim, Woon Ki, Jin Chun Kim, Hyun Jung Park, Ok Joo Sul, Mi Hyun Lee, Ji Soon Kim, and Hye Seon Choi.
2012. “Platinum Nanoparticles Reduce Ovariectomy-Induced Bone Loss by Decreasing
Osteoclastogenesis.” Experimental and Molecular Medicine 44(7).

Klein, Ronald, Barbara E. K. Klein, and Karen J. Cruickshanks. 1999. “The Prevalence of Age -Related
Maculopathy by GeographicRegion and Ethnicity.” Progress in Retinal and Eye Research 18(3).

Klein, Ronald, Barbara E. K. Klein, Sandra C. Tomany, and Karen J. Cruickshanks. 2003. “The Association

82



of Cardiovascular Disease with the Long-Term Incidence of Age-Related Maculopathy.”
Ophthalmology 110(4):636—43.

Koch, K. W. 1991. “Purification and Identification of Photoreceptor Guanylate Cyclase.” Journal of
Biological Chemistry 266(13).

Koch, Karl Wilhelm and Lubert Stryer. 1988. “Highly Cooperative Feedback Control of Retinal Rod
Guanylate Cyclase by Calcium lons.” Nature 334(6177).

Kolb, Helga. 2003. “How the Retina Works.” American Scientist 91(1).

Kolthoff, I. M., W. M. Lauer, and C. J. Sunde. 1929. “The Use of Dichlorofluorescein as an Adsorption
Indicator for the Argentometric Titration of Chlorides.” Journal of the American Chemical Society
51(11).

Konieczny, Piotr, Anna Grazyna Goralczyk, Radoslaw Szmyd, Lukasz Skalniak, Joanna Koziel, Francesca
Larese Filon, Matteo Crosera, Agnieszka Cierniak, Ewa K. Zuba-Surma, Julia Borowczyk, Eliza Laczna,
Justyna Drukala, Elzbieta Pyza, Danuta Semik, Olga Woznicka, Andrzej Klein, and Jolanta Jura. 2013.
“Effects Triggered by Platinum Nanoparticles on Primary Keratinocytes.” International Joumal of
Nanomedicine 8.

Krispel, Claudia M., Desheng Chen, Nathan Melling, Yu Jiun Chen, Kirill A. Martemyanov, Nidia Quillinan,
Vadim Y. Arshavsky, Theodore G. Wensel, Ching Kang Chen, and Marie E. Burns. 2006. “RGS
Expression Rate-Limits Recovery of Rod Photoresponses.” Neuron 51(4).

Kuffler, S. W. 1953. “Discharge Patterns and Functional Organization of Mammalian Retina.” Joumal of
Neurophysiology 16(1):37—-68.

Kumar, Achalla Vaishnav Pavan, Sunil K. Dubey, Sanjay Tiwari, Anu Puri, Siddhanth Hejmady, Bapi Gorain,
and Prashant Kesharwani. 2021. “Recent Advances in Nanoparticles Mediated Photothermal
Therapy Induced Tumor Regression.” International Journal of Pharmaceutics 606.

Lajko, Michelle, Herminio J. Cardona, Joann M. Taylor, Kathryn N. Farrow, and Amani A. Fawzi. 2017.
“Photoreceptor Oxidative Stress in Hyperoxia-Induced Proliferative Retinopathy Accelerates Rd8
Degeneration.” PLoSONE 12(7).

Lamb, T. D. 1996. “Gain and Kinetics of Activation in the G-Protein Cascade of Phototransduction.”
Proceedings of the National Academy of Sciences of the United States of America 93(2).

Langmann, Thomas. 2007. “Microglia Activation in Retinal Degeneration.” Journal of Leukocyte Biology
81(6):1345-51.

Lee, Seunghoon, Yi Zhang, Minggang Chen, and Z. Jimmy Zhou. 2016. “Segregated Glycine -Glutamate Co-
Transmission from VGIuT3 Amacrine Cells to Contrast-Suppressed and Contrast-Enhanced Retinal
Circuits.” Neuron 90(1).

Lei, Bo.2003. “The ERG of Guinea Pig (Cavis Porcellus): Comparison with I-Type Monkeyand E-Type Rat”
Documenta Ophthalmologica 106(3):243-49.

Lenis, TamaraLl.,Jane Hu, Sze Yin Ng, ZhichunJiang, Shanta Sarfare, Marcia B. Lloyd, Nicholas J. Esposito,

William Samuel, Cynthia Jaworski, Dean Bok, Silvia C. Finnemann, Monte J. Radeke, T. Michael

83



Redmond, Gabriel H. Travis, and Roxana A. Radu. 2018. “Expression of ABCA4 in the Retinal Pigment
Epithelium and Its Implications for Stargardt Macular Degeneration.” Proceedings of the National
Academy of Sciences of the United States of America 115(47).

Leveziel, Nicolas, Julien Tilleul, Nathalie Puche, Jennyfer Zerbib, Franck Laloum, Giuseppe Querques, and
Eric H. Souied. 2011. “Genetic Factors Associated with Age-Related Macular Degeneration.”
Ophthalmologica 226(3).

Lewis, G. P., B. Matsumoto, and S. K. Fisher. 1995. “Changes in the Organization and Expression of
Cytoskeletal Proteins during Retinal Degeneration Induced by Retinal Detachment.” Investigative
Ophthalmology and Visual Science 36(12):2404-16.

Li, Chuan-Ming, Mark E. Clark, Martin Rudolf, and Christine A. Curcio. 2007. “Distribution and
Composition of Esterified and Unesterified Cholesterol in Extra-Macular Drusen.” Experimental Eye
Research 85(2):192-201.

Li, Feng, Wei Cao, and Robert E. Anderson. 2003. “Alleviation of Constant-Light-Induced Photoreceptor
Degeneration by Adaptation of Adult Albino Rat to Bright Cyclic Light.” Investigative Ophthalmology
and Visual Science 44(11).

Li, Lu, Nicole Eter, and Peter Heiduschka. 2015. “The Microglia in Healthy and Diseased Retina.”
Experimental Eye Research 136.

Li, Xinyuan, Pu Fang, Jietang Mai, Eric T. Choi, Hong Wang, and Xiao-feng Yang. 2013. “Targeting
Mitochondrial Reactive Oxygen Species as Novel Therapy for Inflammatory Diseases and Cancers.”
Journal of Hematology & Oncology 6(1):19.

Lim, LaurenceS., Paul Mitchell, Johanna M. Seddon, Frank G. Holz, and TienY. Wong. 2012. “Age-Related
Macular Degeneration.” The Lancet 379(9827):1728-38.

Lin, Cai Xia, Jing Li Gu, and Ji Min Cao. 2019. “The Acute Toxic Effects of Platinum Nanoparticles on lon
Channels, Transmembrane Potentials of Cardiomyocytes in Vitro and Heart Rhythm in Vivo in
Mice.” International Journal of Nanomedicine 14.

Lin, Cheng Hui, Man Ru Wu, Ching Hao Li, Hui Wen Cheng, Shih Hsuan Huang, Chi Hao Tsai, Fan Li Lin, Jau
Der Ho, Jaw Jou Kang, George Hsiao, and Yu Wen Cheng. 2017. “Periodic Exposure to Smartphone-
Mimic Low-Luminance Blue Light Induces Retina Damage through Bcl-2/BAX-Dependent
Apoptosis.” Toxicological Sciences 157(1).

Linser, P. J.,, M. Sorrentino, and A. A. Moscona. 1984. “Cellular Compartmentalization of Carbonic
Anhydrase-C and Glutamine Synthetase in Developing and Mature Mouse Neural Retina.”
Developmental Brain Research 13(1):65-71.

Liu, Changdong, Min Peng, Alan M. Laties, and Rong Wen. 1998. “Preconditioning with Bright Light Evokes
a Protective Response against Light Damage in the Rat Retina.” Journal of Neuroscience 18(4).

Liu, Kun, Yanping Song, GezhiXu, Jian Ye, Zhifeng Wu, Xiaoling Liu, Xiaoguang Dong, Mingzhi Zhang, Yigiao
Xing, Shaoping Zhu, Xia Chen, Yinchen Shen, Hengye Huang, Liyun Yu, Zunhong Ke, Philip J.
Rosenfeld, Peter K. Kaiser, GuishuangYing, Xiaodong Sun, Xun Xu, Rong Li, Quan Wu, Xinguo Wang,

84



Fenglei Kuang, Jing Lv, and Zhili Niu. 2019. “Conbercept for Treatment of Neovascular Age-Related
Macular Degeneration: Results of the Randomized Phase 3 PHOENIX Study.” American Joumal of
Ophthalmology 197.

Loskutova, Ekaterina, John Nolan, Alan Howard, and Stephen Beatty. 2013. “Macular Pigment and Its
Contribution to Vision.” Nutrients 5(6).

Luly, Kathryn M., John Choi, Yuan Rui, Jordan J. Green, and Eric M. Jackson. 2020. “Safety Considerations
for Nanoparticle Gene Deliveryin Pediatric Brain Tumors.” Nanomedicine 15(18).

Luna, Gabriel, Geoffrey P. Lewis, Christopher D. Banna, Omar Skalli, and Steven K. Fisher. 2010.
“Expression Profiles of Nestin and Synemin in Reactive Astrocytesand Miiller Cells Following Retinal
Injury: A Comparison with Glial Fibrillar Acidic Protein and Vimentin.” Molecular Vision 16.

Maccarone, Rita, Stefano Di Marco, and Silvia Bisti. 2008. “Saffron Supplement Maintains Morphology
and Function after Exposure to Damaging Lightin Mammalian Retina.” Investigative Opthalmology
& Visual Science 49(3):1254.

Madigan, M. C., P. L. Penfold, J. M. Provis, T. K. Balind, and F. A. Billson. 1994. “Intermediate Filament
Expression in Human Retinal Macroglia: Histopathologic Changes Associated with Age -Related
Macular Degeneration.” Retina 14(1):65-74.

Maeda, Tadao, Yoshikazu Imanishi, and Krzysztof Palczewski. 2003. “Rhodopsin Phosphorylation: 30
Years Later.” Progress in Retinal and Eye Research 22(4).

Mainster, Martin A., Willam T. Ham, and FrancoisC. Delori. 1983. “Potential Retinal Hazards: Instrument
and Environmental Light Sources.” Ophthalmology90(8).

Mandal, Md Nawajes A., Jagan M. R. Patlolla, Lixin Zheng, Martin Paul Agbaga, et al. 2009. “Curcumin
Protects Retinal Cells from Light-and Oxidant Stress-Induced Cell Death.” Free Radical Biology and
Medicine.

Malek, Goldis and Eleonora M. Lad. 2014. “Emerging Roles for Nuclear Receptors in the Pathogenesis of
Age-Related Macular Degeneration.” Cellular and Molecular Life Sciences 71(23).

Malinski, Justine A. and Theodore Wensel. 1992. “Membrane Stimulation of CGMP Phosphodiesterase
Activation by Transducin: Comparison of Phospholipid Bilayers to Rod Outer Segment Membranes.”
Biochemistry 31(39).

Mandal, Md Nawajes A., Jagan M. R. Patlolla, Lixin Zheng, Martin Paul Agbaga, Julie Thu A. Tran, Lea
Wicker, Anne Kasus-Jacobi, Michael H. Elliott, Chinthalapally V. Rao, and Robert E. Anderson. 2009.
“Curcumin Protects Retinal Cells from Light-and Oxidant Stress-Induced Cell Death.” Free Radical
Biology and Medicine.

Mao, Haoyu, Soo Jung Seo, Manas R. Biswal, Hong Li, Mandy Conners, Arathi Nandyala, Kyle Jones, Yun
Zheng Le, and Alfred S. Lewin. 2014. “Mitochondrial Oxidative Stress in the Retinal Pigment
Epithelium Leads to Localized Retinal Degeneration.” Investigative Ophthalmology and Visual
Science 55(7).

Marc, Robert E., B. W. Jones, C. B. Watt, F. Vazquez-Chona, D. K. Vaughan, and D. T. Organisciak. 2008.

85



“Extreme Retinal Remodeling Triggered by Light Damage: Implications for Age Related Macular
Degeneration.” Molecular Vision.

Di Marco, Stefano, Veronica Carnicelli, Nicola Franceschini, Mattia Di Paolo, Marco Piccardi, Silvia Bist,
and Benedetto Falsini. 2019. “Saffron: A Multitask Neuroprotective Agent for Retinal Degenerative
Diseases.” Antioxidants 8(7):224.

Masland, Richard H. 2011. “Cell Populations of the Retina: The Proctor Lecture.” Investigative
Ophthalmology and Visual Science 52(7).

Masse, Florence, Mathieu Ouellette, Guillaume Lamoureux, and Elodie Boisselier. 2019. “Gold
Nanoparticlesin Ophthalmology.” Medicinal Research Reviews 39(1).

Masuda, Tomomi, Masamitsu Shimazawa, Shinsuke Takata, Shinsuke Nakamura, Kazuhiro Tsuruma, and
Hideaki Hara. 2016. “Edaravone Is a Free Radical Scavenger That Protects against Laser-Induced
Choroidal Neovascularizationin Mice and Common Marmaosets.” Experimental Eye Research 146.

Matsuda, Shun, Saburo Matsui, Yoshihisa Shimizu, and Tomonari Matsuda. 2011. “Genotoxicity of
Colloidal Fullerene C60.” Environmental Science and Technology 45(9).

Mauricio, M. D.,S. Guerra-Ojeda, P. Marchio, S. L. Valles, M. Aldasoro, |. Escribano-Lopez, J. R. Herance,
M. Rocha, J. M. Vila, and V. M. Victor. 2018. “Nanoparticles in Medicine: A Focus on Vascular
Oxidative Stress.” Oxidative Medicine and Cellular Longevity 2018.

Mccarthy, Claudia A., Robert E. Widdop, Devy Deliyanti, and Jennifer L. Wilkinson-Berka. 2013. “Brain and
Retinal Microgliain Healthand Disease: An Unrecognized Target of the Renin-Angiotensin System.”
Clinical and Experimental Pharmacology and Physiology 40(8).

Miki, N., J. M. Baraban, J. J. Keirns, J.J. Boyce, and M. W. Bitensky. 1975. “Purification and Properties of
the Light Activated Cyclic Nucleotide Phosphodiesterase of Rod Outer Segments.” Journal of
Biological Chemistry 250(16).

Miller, R. F. and J. E. Dowling. 1970. “Intracellular Responses of the Miiller (Glial) Cells of Mudpuppy
Retina: Their Relation to b-Wave of the Electroretinogram.” Journal of Neurophysiology 33(3).

Miller, Sheldon S. and Roy H. Steinberg. 1977. “Active Transport of lons across Frog Retinal Pigment
Epithelium.” Experimental Eye Research 25(3).

Minnelli, Cristina, Emiliano Laudadio, Roberta Galeazzi, Dario Rusciano, Tatiana Armeni, Pierluigi Stipa,
Mattia Cantarini, and Giovanna Mobbili. 2019. “Synthesis, Characterization and Antioxidant
Properties of a New Lipophilic Derivative of Edaravone.” Antioxidants 8(8).

Mitchell, Jan and Clare Bradley. 2006. “Quality of Life in Age-Related Macular Degeneration: A Review of
the Literature.” Health and Quality of Life Outcomes 4.

Mitchell, Paul. 2002. “Smoking and the 5-Year Incidence of Age-Related Maculopathy.” Archives of
Ophthalmology 120(10):1357.

Mitra, Rajendra N., Miles J. Merwin, Zongchao Han, Shannon M. Conley, Muayyad R. Al-Ubaidi, and Muna
I. Naash. 2014. “Yttrium Oxide Nanoparticles Prevent Photoreceptor Death in a Light-Damage

Model of Retinal Degeneration.” Free Radical Biology and Medicine 75.

86



Mittag, Thom W., Andreas U. Bayer, and Matthew M. La Vail. 1999. “Light-Induced Retinal Damage in
Mice Carrying a Mutated SOD | Gene.” Experimental Eye Research 69(6).

Moglianetti, Mauro, Elisa De Luca, Deborah Pedone, Roberto Marotta, Tiziano Catelani, Barbara Sartori,
Heinz Amenitsch, Saverio Francesco Retta, and Pier Paolo Pompa. 2016. “Platinum Nanozymes
Recover Cellular ROS Homeostasis in an Oxidative Stress-Mediated Disease Model.” Nanoscale.

Molday, Robert S. 2007. “ATP-Binding Cassette Transporter ABCA4: Molecular Properties and Role in
Vision and Macular Degeneration.” Journal of Bioenergetics and Biomembranes 39(5-6).

Monopoli, Marco P., Christoffer Aberg, Anna Salvati, and Kenneth A. Dawson. 2012. “Biomolecular
Coronas Provide the Biological ldentity of Nanosized Materials.” Nature Nanotechnology 7(12).

Montesano, Giovanni, Giovanni Ometto, Bethany E. Higgins, Radha Das, Katie W. Graham, Usha
Chakravarthy, Bernadette McGuiness, lan S. Young, Frank Kee, David M. Wright, David P. Crabb,
and Ruth E. Hogg. 2021. “Evidence for Structural and Functional Damage of the Inner Retina in
Diabetes with No Diabetic Retinopathy.” Investigative Ophthalmology and Visual Science 62(3).

Moutray, Tanya and Usha Chakravarthy. 2011. “Age-Related Macular Degeneration: Current Treatment
and Future Options.” Therapeutic Advances in Chronic Disease 2(5).

Mukherjee, Biplab, and James W. Weaver. 2010. “Aggregation and Charge Behavior of Metallic and
Nonmetallic Nanoparticles in the Presence of Competing Similarly-Charged Inorganic lons.”
Environmental Science and Technology 44(9):3332—-38.

Mukherjee, Priyabrata, Resham Bhattacharya, Ping Wang, LingWang, Sujit Basu, Janice A. Nagy, Anthony
Atala, Debabrata Mukhopadhyay, and Shay Soker. 2005. “Antiangiogenic Properties of Gold
Nanoparticles.” Clinical Cancer Research.

Mullins, Robert F., Micaela N. Johnson, Elizabeth A. Faidley, Jessica M. Skeie, and Jian Huang. 2011.
“Choriocapillaris Vascular Dropout Related to Density of Drusen in Human Eyes with Early Age-
Related Macular Degeneration.” Investigative Ophthalmology and Visual Science 52(3).

Nagelhus, Erlend A., Thomas M. Mathiisen, Allen C. Bateman, Finn M. Haug, Ole P. Ottersen, Jeffrey H.
Grubb, Abdul Waheed, and William S. Sly. 2005. “Carbonic Anhydrase XIV Is Enriched in Specific
Membrane Domains of Retinal Pigment Epithelium, Miiller Cells, and Astrocytes.” Proceedings of
the National Academy of Sciences of the United States of America 102(22).

Nakashima, Akitoshi, Kazuma Higashisaka, Tae Kusabiraki, Aiko Aoki, Akemi Ushijima, Yosuke Ono, Sayaka
Tsuda, Tomoko Shima, Osamu Yoshino, Kazuya Nagano, Yasuo Yoshioka, Yasuo Tsutsumi, and
Shigeru Saito. 2019. “Autophagy Is a New Protective Mechanism against the Cytotoxicity of
Platinum Nanoparticles in Human Trophoblasts.” Scientific Reports 9(1).

Nakatani, K.and K. W. Yau. 1988. “Guanosine 3’,5’-cyclic Monophosphate-activated Conductance Studied
ina Truncated Rod Outer Segment of the Toad.” The Journal of Physiology 395(1).

Nam, Jwa Min, C. Shad Thaxton, and Chad A. Mirkin. 2003. “Nanoparticle-Based Bio-Bar Codes for the
Ultrasensitive Detection of Proteins.” Science 301(5641).

Newman, E. A.and L. L. Odette. 1984. “Model of Electroretinogram B-Wave Generation: A Test of the K+

87



Hypothesis.” Journal of Neurophysiology 51(1).

Newman, Eric A.1988. “Electrophysiology of Retinal Glial Cells.” Progress in Retinal Research 8(C).

Ni Dhubhghaill, S. S., M. T. Cahill, M. Campbell, L. Cassidy, M. M. Humphries, and P. Humphries. 2010.
“The Pathophysiology of Cigarette Smoking and Age-Related Macular Degeneration.” in Advances
in Experimental Medicine and Biology. Vol. 664

Nienhaus, K., H. Wang, and G. U. Nienhaus. 2020. “Nanoparticles for Biomedical Applications: Exploring
and Exploiting Molecular Interactions at the Nano-Bio Interface.” Materials Today Advances 5.

Nikam, A. V., B. L. V. Prasad, and A. A. Kulkarni. 2018. “Wet Chemical Synthesis of Metal Oxide
Nanoparticles: A Review.” CrystEngComm 20(35).

Nishimura, Yuhei, Hideaki Hara, Mineo Kondo, Samin Hong, and TakeshiMatsugi. 2017. “Oxidative Stress
in Retinal Diseases.” Oxidative Medicine and Cellular Longevity 2017.

Noell, Werner K. 1954. “The Origin of the Electroretinogram.” American Journal of Ophthalmology 38(1
PART2):78-93.

Noell, W.K., V.S. Walker, B.S. Kang, and S. Berman. 1966. “Retinal Damage by Lightin Rats.” Investigative
Ophthalmology 5(5).

Noell, W. K. 1980. “There Are Different Kinds of Retinal Light Damage in the Rat.” in The Effects of
ConstantLight on VisualProcesses.

Nomura, Mayumi, Yoshitaka Yoshimura, Takashi Kikuiri, Tomokazu Hasegawa, Yumi Taniguchi, Yoshiaki
Deyama, Ken Ichi Koshiro, Hidehiko Sano, Kuniaki Suzuki, and Nobuo Inoue. 2011. “Platinum
Nanoparticles Suppress Osteoclastogenesis through Scavenging of Reactive Oxygen Species
Produced in RAW264.7 Cells.” Journal of Pharmacological Sciences 117(4).

Onizawa, Shigemitsu, Kazutetsu Aoshiba, Masashi Kajita, Yusei Miyamoto, and Atsushi Nagai. 2009.
“Platinum Nanoparticle Antioxidants Inhibit Pulmonary Inflammation in Mice Exposed to Cigarette
Smoke.” Pulmonary Pharmacology and Therapeutics 22(4).

Oostingh, GertieJ., Eudald Casals, Paola Italiani, Renato Colognato, René Stritzinger, Jessica Ponti, Tobias
Pfaller, Yvonne Kohl, Daniélla Ooms, Flavia Favilli, Hilde Leppens, Davide Lucchesi, Francois Rossi,
Inge Nelissen, Hagen Thielecke, Victor F. Puntes, Albert Duschl, and Diana Boraschi. 2011.
“Problems and Challenges in the Development and Validation of Human Cell-Based Assays to
Determine Nanoparticle-Induced Immunomodulatory Effects.” Particle and Fibre Toxicology 8.

Organisciak, D. T., R. M. Darrow, L. Barsalou, R. K. Kutty, and B. Wiggert. 2000. “Circadian-Dependent
Retinal Light Damage in Rats.” Investigative Ophthalmology and Visual Science 41(12).

Organisciak, Daniel T. and Dana K. Vaughan. 2010. “Progress in Retinal and Eye Research Retinal Light
Damage : Mechanisms and Protection.” Progress in Retinal and Eye Research 29(2):113-34.

Osterberg GA (1935) Topography of the layer of rods and cones in the human retina. Acta Ophthalmol
13:6,1-102

Palczewski, Krzysztof. 1994. “Structure and Functions of Arrestins.” Protein Science 3(9).

Pan, Jin Shun, Huai Jun Zhu, Bei Zhang, Hua Li, Hong Yan, and Bin Wang. 2006. “Inhibitive Effect of

88



Genistein on Hypoxia-Induced Basic Fibroblast Growth Factor Expressionin Human Retinal Pigment
Epithelium Cells.” Journal of Ocular Pharmacology and Therapeutics 22(2).

Pantarotto, Davide, Charalambos D. Partidos, Johan Hoebeke, Fred Brown, Ed Kramer, Jean Paul Briand,
Sylviane Muller, Maurizio Prato, and Alberto Bianco. 2003. “Immunization with Peptide-
Functionalized Carbon Nanotubes Enhances Virus-Specific Neutralizing Antibody Responses.”
Chemistry and Biology 10(10).

Park, Eun Jung, Jinhee Choi, Young Kwon Park, and Kwangsik Park. 2008. “Oxidative Stress Induced by
Cerium Oxide Nanoparticles in Cultured BEAS-2B Cells.” Toxicology 245(1-2).

Patra, Jayanta Kumar, Gitishree Das, Leonardo Fernandes Fraceto, Estefania Vangelie Ramos Campos,
Maria del Pilar Rodriguez-Torres, Laura Susana Acosta-Torres, Luis Armando Diaz-Torres, Renato
Grillo, Mallappa Kumara Swamy, Shivesh Sharma, Solomon Habtemariam, and Han-Seung Shin.
2018. “Nano Based DrugDelivery Systems: Recent Developments and Future Prospects.” Joumal of
Nanobiotechnology 16(1).

Pedone, Deborah, Mauro Moglianetti, Mariagrazia Lettieri, Giovanna Marrazza, and Pier Paolo Pompa.
2020. “Platinum Nanozyme-Enabled Colorimetric Determination of Total Antioxidant Level in
Saliva.” Analytical Chemistry 92(13).

Pedone, Deborah, Mauro Moglianetti, Elisa De Luca, Giuseppe Bardi, and Pier Paolo Pompa. 2017.
“Platinum Nanoparticles in Nanobiomedicine.” Chemical Society Reviews 46(16):4951-75.

Peichl, Leo, Daniele Sandmann, and Brian B. Boycott. 1998. “Comparative Anatomy and Function of
Mammalian Horizontal Cells.” in Development and Organization of the Retina.

Penn, R. D., and W. A. Hagins. 1969. “Signal Transmission along Retinal Rods and the Origin of the
Electroretinographic A-Wave.” Nature 223(5202):201-5.

Penn, John S., Muna |. Naash, and Robert E. Anderson. 1987. “Effect of Light History on Retinal
Antioxidants and Light Damage Susceptibility in the Rat.” Experimental Eye Research 44(6).

Penn,JohnS., BarbaralL. Tolman, Lisa A. Thum, and Cynthia A. Koutz. 1992. “Effect of Light History on the
Rat Retina: Timecourse of Morphological Adaptation and Readaptation.” Neurochemical Research
17(1).

Pfeffer, B. A., V. M. Clark, J. G. Flannery, and D. Bok. 1986. “Membrane Receptors for Retinol-Binding
Protein in Cultured Human Retinal Pigment Epithelium.” Investigative Ophthalmology and Visual
Science 27(7).

Picca, Anna, Riccardo Calvani, Hélio José Coelho-Junior, Francesco Landi, Roberto Bernabei, and
Emanuele Marzetti. 2020. “Mitochondrial Dysfunction, Oxidative Stress, and Neuroinflammation:
Intertwined Roadsto Neurodegeneration.” Antioxidants 9(8).

Piccardi, M., D. Marangoni, A. M. Minnella, M. C. Savastano, P. Valentini, L. Ambrosio, E. Capoluongo, R.
MacCarone, S. Bisti, and B. Falsini. 2012. “A Longitudinal Follow-up Study of Saffron
Supplementation in Early Age-Related Macular Degeneration: Sustained Benefits to Central Retinal

Function.” Evidence-Based Complementary and Alternative Medicine 2012.

89



Provis, J. M., C. M. Diaz, and P. L. Penfold. 1996. “Microglia in Human Retina: A Heterogeneous Population
with Distinct Ontogenies.” Perspectives on Developmental Neurobiology 3(3).

Pugh, Edward N. 2006. “RGS Expression Level Precisely Regulates the Duration of Rod Photoresponses.”
Neuron 51(4).

Puthussery, Theresa, Peter Yee, Algis J. Vingrys, and Erica L. Fletcher. 2006. “Evidence for the Involvement
of Purinergic P2X7 Receptors in Outer Retinal Processing.” EuropeanJournal of Neuroscience 24(1).

de Raad, Saskia, Piotr J. Szczesny, Kurt Munz, and Charlotte E. Remé. 1996. “Light Damage in the Rat
Retina: Glial Fibrillary Acidic Protein Accumulates in Miller Cells in Correlation with Photoreceptor
Damage.” Ophthalmic Research 28(2).

Ranchon, Isabelle, Jean Marie Gorrand, Jacques Cluzel, Marie Thérése Droy-Lefaix, and Michel Doly. 1999.
“Functional Protection of Photoreceptors from Light-Induced Damage by Dimethylthiourea and
Ginkgo Biloba Extract.” Investigative Ophthalmology and Visual Science 40(6).

Raoul, William, Nicole Keller, Mathieu Rodéro, Francine Behar-Cohen, Florian Sennlaub, and Christophe
Combadiére. 2008. “Role of the Chemokine Receptor CX3CR1 in the Mobilization of Phagocytic
Retinal Microglial Cells.” Journal of Neuroimmunology 198(1-2).

Rapp, L. M.and T. P. Williams. 1980. “A Parametric Study of Retinal Light Damage in Albino and Pigmented
Rats.” Pp. 135-59in The Effects of Constant Light on Visual Processes. Boston, MA: Springer US.

Reichenbach, Andreas and Andreas Bringmann. 2020. “Glia of the Human Retina.” GLIA 68(4).

Relvas, Lia Judice M., Christophe Bouffioux, Brice Marcet, Didier Communi, Maya Makhoul, Michael
Horckmans, Daniel Blero, Catherine Bruyns, Laure Caspers, Jean Marie Boeynaems, and Frangois
Willermain. 2009. “Extracellular Nucleotides and Interleukin-8 Production by ARPE Cells: Potential
Role of Danger Signals in Blood - Retinal Barrier Activation.” Investigative Ophthalmology and Visual
Science 50(3).

Riccitelli, Serena, Mattia Di Paolo, James Ashley, Silvia Bisti, and Stefano Di Marco. 2021. “The
Timecourses of Functional, Morphological, and Molecular Changes Triggered by Light Exposurein
Sprague—Dawley Rat Retinas.” Cells 10(6).

Riepe, RogerE.and MichaelD. Norenburg. 1977. “Miiller Cell Localisation of Glutamine Synthetase in Rat
Retina.” Nature 268(5621).

Rofagha, Soraya, Robert B. Bhisitkul, David S. Boyer, Srinivas R. Sadda, and Kang Zhang. 2013. “Seven-
Year Outcomes in Ranibizumab-Treated Patients in ANCHOR, MARINA, and HORIZON: A
Multicenter Cohort Study (SEVEN-UP).” Ophthalmology 120(11).

Rohowetz, Landon, JacobKraus, and Peter Koulen. 2018. “Reactive Oxygen Species-Mediated Damage of
Retinal Neurons: Drug Development Targets for Therapies of Chronic Neurodegeneration of the
Retina.” International Journal of Molecular Sciences 19(11):3362.

Rosenfeld, Philip J., David M. Brown, Jeffrey S. Heier, David S. Boyer, Peter K. Kaiser, CarolY. Chung, and
Robert Y. Kim. 2006. “Ranibizumab for Neovascular Age-Related Macular Degeneration.” New

England Journal of Medicine 355(14):1419-31.

90



Rudolf, Martin, Mark E. Clark, Melissa F. Chimento, Chuan Ming Li, Nancy E. Medeiros, and Christine A.
Curcio.2008. “Prevalence and Morphology of Druse Types in the Macula and Periphery of Eyes with
Age-Related Maculopathy.” Investigative Ophthalmology and Visual Science 49(3).

Saari,John C.2016. “Vitamin A and Vision.” Sub-Cellular Biochemistry 81.

Sabella, Stefania, Randy P. Carney, Virgilio Brunetti, Maria Ada Malvindi, Noura Al-Juffali, Giuseppe
Vecchio, Sam M. Janes, Osman M. Bakr, Roberto Cingolani, Francesco Stellacci, and Pier Paolo
Pompa. 2014. “A General Mechanism for Intracellular Toxicity of Metal-ContainingNanoparticles.”
Nanoscale 6(12).

Salavati-Niasari, Masoud, Fatemeh Davar, and Noshin Mir. 2008. “Synthesis and Characterization of
Metallic Copper Nanoparticles via Thermal Decomposition.” Polyhedron 27(17).

Saszik, Shannon and Steven H. Devries. 2012. “A Mammalian Retinal Bipolar Cell Uses Both Graded
Changes in Membrane Voltage and All-or-Nothing Na + Spikes to Encode Light.” Journal of
Neuroscience 32(1).

Schmidt-Erfurth, Ursula, PeterK. Kaiser, Jean Francgois Korobelnik, David M. Brown, Victor Chong, Quan
Dong Nguyen, Allen C. Ho, Yuichiro Ogura, Christian Simader, Glenn ). Jaffe, Jason S. Slakter, George
D. Yancopoulos, Neil Stahl, Robert Vitti, Alyson J. Berliner, Yuhwen Soo, Majid Anderesi, Olaf
Sowade, Oliver Zeitz, Christiane Norenberg, Rupert Sandbrink, and Jeffrey S. Heier. 2014.
“Intravitreal Aflibercept Injection for Neovascular Age-Related Macular Degeneration: Ninety-Six-
Week Results of the VIEW Studies.” in Ophthalmology.Vol.121.

Seddon. 2004. “Progression of Age-Related Macular Degeneration: Association With DietaryFat,
Transunsaturated Fat, Nuts, and Fish Intake —Correction.” Archives of Ophthalmology 122(3):426.

Seddon, Johanna M. 1996. “A Prospective Study of Cigarette Smoking and Age-Related Macular
Degenerationin Women.” JAMA: The Journal of the American Medical Association 276(14).

Seddon, Johanna M., Rachel E. Silver, and Bernard Rosner. 2016. “Response to AREDS Supplements
According to Genetic Factors: Survival Analysis Approach Using the Eye as the Unit of Analysis.”
British Journal of Ophthalmology 100(12).

Shichida, Y. and H. Imai. 1998. “Visual Pigment: G-Protein-Coupled Receptor for Light Signals.” Cellular
and Molecular Life Sciences 54(12).

Shimazaki, Hiroki, Kohei Hironaka, Takuya Fujisawa, Kazuhiro Tsuruma, Yuichi Tozuka, Masamitsu
Shimazawa, Hirofumi Takeuchi, and Hideaki Hara. 2011. “Edaravone-Loaded Liposome Eyedrops
Protect against Light-Induced Retinal Damage in Mice.” Investigative Ophthalmology and Visual
Science 52(10).

Shyjan, Andrew W., FredericJ. de Sauvage, Nancy A. Gillett, David V. Goeddel, and David G. Lowe. 1992.
“Molecular Cloning of a Retina-Specific Membrane Guanylyl Cyclase.” Neuron 9(4).

Sillman, Arnold J., Hiroshi Ito, and Tsuneo Tomita. 1969a. “Studies on the Mass Receptor Potential of the
Isolated Frog Retina. |. General Properties of the Response.” Vision Research 9(12):1435-42.

Sillman, Arnold J., Hiroshilto, and Tsuneo Tomita. 1969b. “Studies on the Mass Receptor Potential of the

91



Isolated Frog Retina. Il. On the Basis of the lonic Mechanism.” Vision Research 9(12):1443-51.

Smith, Wayne, Jacqueline Assink, Ronald Klein, Paul Mitchell, Caroline C. W. Klaver, Barbara E. K. Klein,
Albert Hofman, Susan Jensen, Jie Jin Wang, and Paulus T. V. M. De Jong. 2001. “Risk Factors for Age-
Related Macular Degeneration: Pooled Findings from Three Continents.” Ophthalmology 108(4).

Sobaniec, H., W. Sobaniec, K. Sendrowski, S. Sobaniec, and M. Pietruska. 2007. “Antioxidant Activity of
Blood Serum and Saliva in Patients with Periodontal Disease Treated Due to Epilepsy.” Advances in
Medical Sciences 52 Suppl 1.

Spaide, Richard F., James G. Fujimoto, Nadia K. Waheed, SrinivasR. Sadda, and Giovanni Staurenghi. 2018.
“Optical Coherence Tomography Angiography.” Progress in Retinal and Eye Research 64.

Spaide, Richard F., Sotaro Ooto, and Christine A. Curcio. 2018. “Subretinal Drusenoid Deposits AKA
Pseudodrusen.” Survey of Ophthalmology.

Sparrow, Janet R. and Kazunori Yamamoto. 2012. “The Bisretinoids of RPE Lipofuscin: A Complex
Mixture.” in Advances in Experimental Medicine and Biology.Vol.723.

Stamer, W. Daniel, Dean Bok, Jane Hu, Glenn J. Jaffe, and Brian S. McKay. 2003. “Aquaporin-1 Channels
in Human Retinal Pigment Epithelium: Role in Transepithelial Water Movement.” Investigative
Ophthalmology and Visual Science 44(6).

Steinberg, Roy H., Rainer Schmidt, and Kenneth T. Brown. 1970. “Intracellular Responses to Light from
Cat Pigment Epithelium: Origin of the Electroretinogram c-Wave.” Nature 227(5259).

Steinberg, R. H. 1985. “Interactions between the Retinal Pigment Epithelium and the Neural Retina.”
Documenta Ophthalmologica 60(4).

Steinberg, RoyH., RobertA. Linsenmeier, and EdwinR. Griff. 1983. “Thr ee Light-Evoked Responses of the
Retinal Pigment Epithelium.” Vision Research 23(11).

Sternberg, P., P.C. Davidson, D.P.Jones, T. M. Hagen, R. L. Reed, and C. Drews- Botsch. 1993. “Protection
of Retinal Pigment Epithelium from Oxidative Injuryby Glutathione and Precursors.” Investigative
Ophthalmology and Visual Science 34(13).

Stone, Jonathan. 1999. “Mechanisms of Photoreceptor Death and Survival in Mammalian Retina.”
Progress in Retinal and Eye Research 18(6):689—735.

Stone, Jonathan and Zofia Dreher. 1987. “Relationship between Astrocytes, Ganglion Cells and
Vasculature of the Retina.” Journal of Comparative Neurology 255(1).

Stone, Jonathan, Kyle Mervin, Natalie Walsh, Krisztina Valter, Jan M. Provis, and Philip L. Penfold. 2005.
“Photoreceptor Stability and Degeneration in Mammalian Retina: Lessons from the Edge.” in
Macular Degeneration.

Strauss, Olaf. 2005. “The Retinal Pigment EpitheliuminVisual Function.” Physiological Reviews 85(3):845—
81.

Strauf3, Olaf. 2016. “Pharmacology of the Retinal Pigment Epithelium, the Interface between Retina and
Body System.” European Journalof Pharmacology 787.

Streilein, J. Wayne. 1999. “Regional Immunityand Ocular Immune Privilege.” ChemicalImmunology 73.

92



Strunz, Tobias, Christina Kiel, Bastian L. Sauerbeck, and Bernhard H. F. Weber. 2020. “Learning from
Fifteen Years of Genome-Wide Association Studies in Age-Related Macular Degeneration.” Cells
9(10).

Sund, Jukka, Harri Alenius, Minnamari Vippola, Kai Savolainen, and Anne Puustinen. 2011. “Proteomic
Characterization of Engineered Nanomaterial-Protein Interactions in Relation to Surface
Reactivity.” ACS Nano5(6).

Szél, Agoston, and Pal Réhlich. 1992. “Two Cone Types of Rat Retina Detected by Anti-Visual Pigment
Antibodies.” Experimental Eye Research 55(1):47-52

Szél, P. Rohlich, A. R. Gaffé, B. Juliusson, G. Aguirre, and T. Van Veen. 1992. “Unique Topographic
Separation of Two Spectral Classes of Cones in the Mouse Retina.” Journal of Comparative
Neurology 325(3):327-42.

Takki, Kirsti K. and Roy C. Milton. 1981. “The Natural History of Gyrate Atrophy of the Choroid and Retina.”
Ophthalmology 88(4).

Tang, Yu, and Weidong Le. 2016. “Differential Roles of M1 and M2 Microglia in Neurodegenerative
Diseases.” Molecular Neurobiology 53(2):1181-94.

Tanito, Masaki, Akira Nishiyama, Toru Tanaka, Hiroshi Masutani, Hajime Nakamura, Junji Yodoi, and
Akihiro Ohira. 2002. “Change of Redox Status and Modulation by Thiol Replenishment in Retinal
Photooxidative Damage.” Investigative Ophthalmology and Visual Science 43(7).

Taylor, H.R., B. Munoz, S. West, N. M. Bressler, S. B. Bressler, and F. S. Rosenthal. 1990. “Visible Light and
Risk of Age-Related Macular Degeneration.” Transactions of the American Ophthalmological
Society 88.

Thanos, Solon. 1992. “Sick Photoreceptors Attract Activated Microglia from the Ganglion Cell Layer: A
Model to Study the Inflammatory Cascades in Rats with Inherited Retinal Dystrophy.” Brain
Research588(1):21-28.

Tian, Liantian and PaulJ. Kammermeier. 2006. “G Protein Coupling Profile of MGIuR6 and Expression of
Ga Proteinsin Retinal ON Bipolar Cells.” Visual Neuroscience 23(6).

Tien, Nai Wen, Tahnbee Kim, and Daniel Kerschensteiner. 2016. “Target-Specific Glycinergic Transmission
from VGIuT3-Expressing Amacrine Cells Shapes Suppressive Contrast Responses in the Retina.” Cell
Reports 15(7).

Tisi, Annamaria, Marco Feligioni, Maurizio Passacantando, Marco Ciancaglini, and Rita Maccarone. 2021.
“The Impact of Oxidative Stress on Blood-Retinal Barrier Physiology in Age-Related Macular
Degeneration.” Cells 10(1):1-21.

Tiwari, Dhermendra K., J. Behari, and Prasenjit Sen. 2008. “14-Application of Nanoparticles in Waste
Water Treatment.” Carbon Nanotubes 3(3).

Trexler, E. Brady, Wei Li, and Stephen C. Massey. 2005. “Simultaneous Contribution of Two Rod Pathways
to AllAmacrineand Cone Bipolar Cell Light Responses.” Journal of Neurophysiology 93(3).

Turner, David L. and Constance L. Cepko. 1988. “A Common Progenitor for Neurons and Glia Persists in

93



Rat Retina Late in Development.” Nature 328(6126).

Turrens, Julio F. 2003. “Mitochondrial Formation of Reactive Oxygen Species.” Journal of Physiology
552(2).

Uranga, Romina M., Annadora J. Bruce-Keller, Christopher D. Morrison, Sun Ok Fernandez-Kim, Philip J.
Ebenezer, Le Zhang, Kalavathi Dasuri, and Jeffrey N. Keller. 2010. “Intersection between Metabolic
Dysfunction, High Fat Diet Consumption, and Brain Aging.” Journal of Neurochemistry 114(2).

Valter, Krisztina, Silvia Bisti, Claudia Gargini, Silvia DiLoreto, Rita Maccarone, Luigi Cervetto, andJonathan
Stone. 2005. “Time Course of Neurotrophic Factor Upregulation and Retinal Protection against
Light-Induced Damage after Optic Nerve Section.” Investigative Ophthalmology and Visual Science
46(5):1748-54.

Vandenberghe, L. H. and A. Auricchio. 2012. “Novel Adeno-Associated Viral Vectors for Retinal Gene
Therapy.” Gene Therapy 19(2).

Vaughan, Dana K., Jenny L. Nemke, Steven J. Fliesler, Ruth M. Darrow, and Daniel T. Organisciak. 2002.
“Evidence fora Circadian Rhythm of Susceptibility to Retinal Light Damage 19].” Photochemistry and
Photobiology 75(5).

Vavvas, Demetrios G., Kent W.Small, Carl C. Awh, Brent W. Zanke, RobertJ. Tibshirani, and Rafal Kustra.
2018. “CFH and ARMS2 Genetic Risk Determines Progression to Neovascular Age -Related Macular
Degeneration after Antioxidant and Zinc Supplementation.” Proceedings of the National Academy
of Sciences of the United States of America 115(4).

Vert, Michel, Yoshiharu Doi, Karl Heinz Hellwich, Michael Hess, Philip Hodge, Przemyslaw Kubisa,
Marguerite Rinaudo, and Frangois Schué. 2012. “Terminology for Biorelated Polymers and
Applications(IUPAC Recommendations 2012).” Pure and Applied Chemistry 84(2).

Wachtmeister, L., and J. E. Dowling. 1978. “The Oscillatory Potentials of the Mudpuppy Retina.”
Investigative Ophthalmology and Visual Science 17(12):1176-88.

Walczyk, Dorota, Francesca Baldelli Bombelli, Marco P. Monopoli, Iseult Lynch, and Kenneth A. Dawson.
2010. “Whatthe Cell ‘Sees’ in Bionanoscience.” Journal of the American Chemical Society 132(16).

Wang, Minhua, Xu Wang, LianZhao, Wenxin Ma, Ignacio R. Rodriguez, Robert N. Fariss, and Wai T. Wong.
2014. “Macroglia-Microglia Interactions via TSPO Signaling Regulates Microglial Activation in the
Mouse Retina.” Journalof Neuroscience 34(10).

Wang, Patrick, Eric K. Chin, and David Almeida. 2021. “Antioxidants for the Treatment of Retinal Disease:
Summary of Recent Evidence.” Clinical Ophthalmology 15.

Wang, Yaning, David Fei, Martin Vanderlaan, and An Song. 2004. “Biological Activity of Bevacizumab, a
Humanized Anti-VEGF Antibody in Vitro.” Angiogenesis 7(4).

Wassell, Julie, Sallyanne Davies, William Bardsley, and Mike Boulton. 1999. “The Photoreactivity of the
Retinal Age Pigment Lipofuscin.” Journal of Biological Chemistry 274(34):23828-32.

WaSsle, Heinz, Masayuki Yamashita, Ursula Greferath, Ulrike GriiNert, and Frank MLler. 1991. “The Rod

Bipolar Cell of the Mammalian Retina.” Visual Neuroscience 7(1-2).

94



Watanabe, Aki, Masashi Kajita, Juewon Kim, Atsuhiro Kanayama, Kyoko Takahashi, Tadahiko Mashino,
and Yusei Miyamoto. 2009. “In Vitro Free Radical Scavenging Activity of Platinum Nanoparticles.”
Nanotechnology 20(45).

Webster, D. 1878. “The &tiology of Retinitis Pigmentosa, with Cases.” Transactions of the American
Ophthalmological Society 2.

Wensel, T. G. 1993. “The Light-Regulated CGMP Phosphodiesterase of Vertebrate Photoreceptors:
Structure and Mechanism of Activation by Gta.”

Westheimer, Gerald. 2004. “Center-Surround Antagonism in Spatial Vision: Retinal or Cortical Locus?”
Vision Research 44(21).

Wheate, Nial J., Shonagh Walker, Gemma E. Craig, and Rabbab Oun. 2010. “The Status of Platinum
Anticancer Drugsin the Clinic and in Clinical Trials.” Dalton Transactions 39(35).

Williams, T. P. and W. L. Howell. 1983. “Action Spectrum of Retinal Light-Damage in Albino Rats.”
Investigative Ophthalmology and Visual Science 24(3).

Witmer, A. N., G. F. J. M. Vrensen, C. J. F. Van Noorden, and R. O. Schlingemann. 2003. “Vascular
Endothelial Growth Factors and Angiogenesis in Eye Disease.” Progress in Retinal and Eye Research
22(1).

Wolfe, KellyL. and Hai Liu Rui. 2007. “Cellular Antioxidant Activity (CAA) Assay for Assessing Antioxidants,
Foods, and Dietary Supplements.” Journal of Agricultural and Food Chemistry 55(22).

Wong, Wan Ling, Xinyi Su, Xiang Li, Chui Ming G. Cheung, Ronald Klein, Ching Yu Cheng, and Tien Yin
Wong. 2014. “Global Prevalence of Age-Related Macular Degeneration and Disease Burden
Projectionfor 2020 and 2040: A Systematic Review and Meta-Analysis.” The Lancet Global Health
2(2).

Wu, Samuel M., Fan Gao, and Bruce R. Maple. 2000. “Functional Architecture of Synapses in the Inner
Retina: Segregation of Visual Signals by Stratification of Bipolar Cell Axon Terminals.” Journal of
Neuroscience 20(12).

Wu, Yuao and HangT. Ta. 2021. “Different Approaches to Synthesising Cerium Oxide Nanoparticles and
Their Corresponding Physical Characteristics, and ROS Scavenging and Anti-Inflammatory
Capabilities.” Journal of Materials Chemistry B9(36).

Xu, Heping, Mei Chen, and John V. Forrester. 2009. “Para-Inflammation in the Aging Retina.” Progress in
Retinal and Eye Research 28(5).

Xu, Jun, Robert L. Dodd, Clint L. Makino, Melvin I. Simon, Denis A. Baylor, and Jeannle Chen. 1997.
“Prolonged Photoresponses in Transgenic Mouse Rods Lacking Arrestin.” Nature 389(6650).

Yang, Z.and T. G. Wensel. 1992. “Inorganic Pyrophosphatase from Bovine Retinal Rod Outer Segments.”
Journal of Biological Chemistry 267(34).

Yaribeygi, Habib, Yunes Panahi, Behjat Javadi, and Amirhossein Sahebkar. 2018. “The Underlying Role of
Oxidative Stress in Neurodegeneration: A Mechanistic Review.” CNS & Neurological Disorders -

Drug Targets 17(3).

95



Yau, King Wai and Kei Nakatani. 1985. “Light-Induced Reduction of Cytoplasmic Free Calcium in Retinal
Rod Outer Segment.” Nature 313(6003).

Yee,R.and P. A. Liebman. 1978. “Light-Activated Phosphodiesterase of the Rod Outer Segment. Kinetics
and Parameters of Activationand Deactivation.” Journal of Biological Chemistry 253(24).

Yokoyama, Shozo. 2008. “Evolution of Dim-Light and Color Vision Pigments.” Annual Review of Genomics
and Human Genetics 9.

Yonemura, Daizo, and Kazuo Kawasaki. 1979. “New Approaches to Ophthalmic Electrodiagnosis by
Retinal Oscillatory Potential, Drug-Induced Responses from Retinal Pigment Epithelium and Cone
Potential.” Documenta Ophthalmologica 48(1):163-222.

Yoon, Kee Dong, Kazunori Yamamoto, Jilin Zhou, and Janet R. Sparrow. 2011. “Photo-Products of Retinal
Pigment Epithelial Bisretinoids React with Cellular Thiols.” Molecular Vision 17.

Yoshihisa, Yoko, Ayumi Honda, Qing Li Zhao, Teruhiko Makino, Riichiro Abe, Kotaro Matsui, Hiroshi
Shimizu, Yusei Miyamoto, Takashi Kondo, and Tadamichi Shimizu. 2010. “Protective Effects of
Platinum Nanoparticles against UV-Light-Induced Epidermal Inflammation.” Experimental
Dermatology 19(11).

Young, R. W. 1967. “The Renewal of Photoreceptor Cell Outer Segments.” The Journal of Cell Biology
33(1).

Young, R.W.and D. Bok. 1969. “Participation ofthe Retinal Pigment Epithelium in the Rod Outer Segment
Renewal Process.” The Journalof Cell Biology 42(2).

Young, R. W.and B. Droz. 1968. “The Renewal of Proteinin Retinal Rods and Cones.” The Journalof Cell
Biology 39(1).

Yu, Dao Yi, Stephen J. Cringle, Paula K. Yu, and Er Ning Su. 2007. “Intraretinal Oxygen Distribution and
Consumption during Retinal Artery Occlusion and Graded Hyperoxic Ventilation in the Rat.”
Investigative Ophthalmology and Visual Science 48(5).

Yuan, Xianglin, Xiaorong Gu, John S. Crabb, Xiuzhen Yue, Karen Shadrach, Joe G. Hollyfield, and John W.
Crabb. 2010. “Quantitative Proteomics: Comparison of the Macular Bruch Membrane/Choroid
Complex from Age-Related Macular Degeneration and Normal Eyes.” Molecular and Cellular
Proteomics 9(6).

Zamiri, Parisa, Sharmila Masli, Nobuyoshi Kitaichi, Andrew W. Taylor, and J. Wayne Streilein. 2007.
“Thrombospondin Plays a Vital Role in the Immune Privilege of the Eye.” Ocular Immunology and
Inflammation 15(3).

Zhou, Xiaohong, Lily L. Wong, Ajay S. Karakoti, Sudipta Seal, and James F. McGinnis. 2011. “Nanoceria
Inhibit the Development and Promote the Regression of Pathologic Retinal Neovascularization in
the VIdIr Knockout Mouse.” PLoS ONE.

Zhu, Feng Dan, Yu Jiao Hu, Lu Yu, Xiao Gang Zhou, Jian Ming Wu, Yong Tang, Da Lian Qin, Qing Ze Fan,
and An Guo Wu. 2021. “Nanoparticles: AHope for the Treatment of Inflammation in CNS.” Frontiers

in Pharmacology 12.

96



97



