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Effects of Hypercholesterolaemia in the Retina 
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A.I. Ramírez, J.J. Salazar and J.M. Ramírez 
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1. Introduction 

A cholesterol-rich diet causes postprandial hyperlipaemia with an accumulation of 
chylomicrons. This accumulation leads to a redistribution of the very-low-density 
lipoproteins (VLDL), thereby determining the elimination of the coarsest particles, the 
residual chylomicrons, which promote the onset of atherogenesis [1]. 

For some years, cholesterol-rich food has been associated with the subsequent development 
of complications such as the formation of atheromatous plaque and lipid deposits at the 
ocular level. These findings have been reproduced in an experimental rabbit model [2,3], 
this animal being particularly sensitive to the induction of atheromatous lesions, which 
faithfully reproduce those caused in human atherosclerosis [4-6].  

One of the main barriers of the eye is Bruch’s membrane, which, for its strategic situation 
between the choroidal vascular membrane and the outer retina, constitutes a semi-
permeable filtration zone, through which the nutrients pass from the choriocapillaris 
towards the photoreceptors, while the cell-degradation products of the retina pass in the 
opposite direction. The accumulation of these waste products thickens Bruch’s membrane 
and the basal layer of the retinal pigment epithelium (RPE) [7]. These changes in the outer 
retina may be the consequence of metabolic stress associated with the metabolism of fatty 
acids or of the changes in choroidal perfusion due to atherosclerosis [8]. In any case, the 
lipids that accumulate in a structurally altered Bruch’s membrane cause a hydrophobic 
barrier that can hamper the free metabolic exchange between the choriocapillaris and the 
RPE, on interfering with the passage of nutrients and oxygen to the retina. This situation 
could contribute to the loss of retinal sensitivity and play a pathogenic role in the 
development of age-related macular degeneration (AMD) [9], the leading cause of blindness 
among people over 65 years in developed countries. On the other hand, the deposits that 
accumulate underneath the RPE, which contains unsaturated fatty acids, are oxidized by the 
light, strengthening lipid peroxidation [10,11] and negatively influencing retinal function. 

© 2012 Triviño et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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The changes in the RPE-Bruch’s membrane complex contribute to the death of multiple 
retinal neurons, this translating as a thinning and disorganization of its layers.  

Cholesterol is essential for cell functioning. The main cholesterol source for the 
photoreceptors and the RPE comes from extracellular lipid metabolism, as has been 
demonstrated on detecting native low-density lipoprotein (LDL) receptors at the RPE level 
[12], which could be involved in the local production of apolipoprotein E (apoE). The retina 
also locally produces lipoprotein particles that contain apoE. These particles are secreted 
fundamentally by the Müller glia to the extracellular retinal compartment and to the 
vitreous, from which they are transported to the optic nerve [13]. Also, the retinal astrocytes 
associated with the axons of the ganglion cells participate in the secretion of apoE. This 
cholesterol transport is essential to supply the retinal neurons the lipids needed for the 
maintenance and remodelling of their cell membrane. 

Studies in apoE-deficient mice have demonstrated the presence of alterations in Müller glia 
and in amachrine cells, these generating aberrations in the retinal circuit as a consequence of 
the local disruption of cholesterol homeostasis [14]. In a hypercholesterolaemic rabbit 
model, cell loss in the inner nuclear layer and in the ganglion-cell layer of the retina has 
been demonstrated [15,16]. This cell loss probably results from the deprivation of the 
neurotrophic support [17] and of the CNTF (ciliary neurotrophic factor) and glial fibrillary 
acidic protein (GFAP) upregulation secondary to the reactivation of the Müller cells [18,19]. 
In hypercholesterolaemic rabbits, added to the situation of ischaemia at the level of the outer 
retina induced by the alterations in Bruch’s membrane and in the choriocapillaris, is the 
thickening of the basal membranes of the retinal vessels, which by hampering the passage of 
oxygen and nutrients towards the inner retina would generate a prolonged situation of 
ischaemia [15,20]. This chronic ischaemia could increase the concentration of extracellular 
glutamate, conditioning oxidative damage by a neuronal cytotoxic mechanism [21,22]. This 
situation can be counteracted so long as the astrocytes maintain their capacity to eliminate 
cytotoxic neurotransmitters and to supply growth factors and cytokines [23]. 

In summary, in the present chapter, the structural and ultrastructural changes in the retina 
of an experimental model of hypercholesterolaemia are described, specifically changes in 
Bruch’s membrane, RPE, and retinal layers as well as the vascular changes responsible for 
chronic ischaemia. Further on, the effects of the diet-induced normalization of the plasma-
cholesterol levels in the retinal structures are discussed. The comparison between the two 
scenarios suggests that hypercholesterolaemia is a risk factor for the development of chronic 
ischaemia in the retina and therefore for neuronal survival. 

2. Anatomy and physiology of the Bruch’s membrane-retinal complex 

Bruch’s membrane, the innermost layer of the choroid, fuses with RPE as a 5-layered structure 
consisting of (from outer to inner): a basement membrane of the choriocapillaris, an outer 
collagenous layer, an elastic layer, an inner collagenous layer, and a basement membrane of the 
RPE [7,24] (Figure 1, 3A, 4A). Fine filaments from the basement membrane of the RPE merge 
with the fibrils of the inner collagenous zone, contributing to the tight adhesion between 
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choroid and the RPE. The basement membrane of the choriocapillaris is discontinuous and is 
absent in the intercapillary spaces [25]. The collagenous layers surround the elastic layer [7]. 
Some collagen fibres are arranged parallel to the tissue plane, especially at the inner collagenous 
zone; others cross from one side of the elastic fibre layer to another, interconnecting the two 
collagenous layers [7]. Collagen fibres pass through the disruption of the basement membrane 
to join the collagen fibres of the intercapillary septae. This arrangement may help Bruch’s 
membrane to attach to the choriocapillaris. Vesicles, linear structures, and dense bodies occur in 
the collagenous and elastic zones but predominantly in the inner collagenous layer [26]. The 
elastic layer is made up of inter-woven bands of elastic fibres with irregular spaces between 
them, through which the collagen fibres pass [7,26] (Figure 3A, 4A). The exchange of substances 
between the choroid and retina (both directions) must traverse Bruch’s membrane [7]. The 
importance of this process is evident in situations in which this membrane is disrupted. During 
aging, Bruch’s membrane gradually thickens [27]. The collagenous layers thicken from the 
accumulation of membranous lipidic debris [28], abnormal extracellular matrix components 
(collagen fibres "cross-linking") and the advanced glycation end-product [29]. This decreases the 
porosity of Bruch’s membrane, presumably heightening resistance to the movement of water 
through it [30]. Also, it has been found that this thickening of Bruch’s membrane is 
accompanied by lower membrane permeability [31]. Although this thickening with aging is 
relatively minor, greater increases can appear in specific regions. The accumulation of material 
in the inner collagenous layer bulging toward the retina, is what is known by the term "drusen" 
[32]. These drusen will deprive the photoreceptors of their nutrition from the choriocapillaris.  

 
Figure 1. Histological section of the human retina. Retinal layers. Hematoxylin/eosin. 1: retinal pigment 
epithelium; 2: photoreceptor layer; 3: outer limiting membrane; 4: outer nuclear layer; 5: outer plexiform 
layer; 6: inner nuclear layer; 7: inner plexiform layer; 8: ganglion-cell layer; 9: nerve-fibre layer; 10: inner 
limiting membrane. [Bruch’s membrane (BM); choroidal vascular layers (C)]. 
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The elastic layer also suffers a disruption with aging, namely, an increase in density and 
calcification [33]. These aged-related changes could cause cracks and holes in Bruch’s 
membrane. Major breaks in Bruch’s membrane are associated with oedema, leading to the 
accumulation of fluid between the RPE and photoreceptors, and hence to a retinal 
detachment. This association between the discontinuity of Bruch's membrane and retinal 
oedema suggests that, under normal conditions, Bruch’s membrane could play a role in 
limiting fluid movement to and from the retina [25]. 

2.1. Anatomy of the retina 

The primary function of the retina is to convert light into nerve impulses which are 
transferred to the brain via the optic nerve. The retina comprises the retinal pigment 
epithelium and the neurosensory retina, the latter containing neurons, glial cells and 
components of the vascular system. Various types of neurons are present, such as: 
photoreceptors, bipolar cells, ganglion cells, amacrine cells and horizontal cells [34]. The 
coding function of the retina depends not only on photoreceptors but also on neurons, glial 
cells and RPE, which amplify the signal [35]. The photoreceptors are the cells that capture 
light and are situated at the most external side of the neurosensory retina, in the vicinity of 
the RPE. These cells are of two types: rods (for scotopic vision) and cones (for photopic 
vision) [34]. The ability of photoreceptors to convert light photons into an electrical signal is 
due to the presence of a photopigment in their outer segments. These segments consist of a 
stack of disk membranes that are synthesised in the proximal portion of the outer segment 
and shed at its apical size [35]. Photoreceptors form contacts with horizontal and bipolar 
cells in the outer plexiform layer (OPL). Coupling between neighbouring rods and cones in 
OPL allows the first stage of visual processing. The inner nuclear layer (INL) contains cell 
bodies of Müller glial, bipolar, amacrine, and horizontal cells. The inner plexiform layer 
(IPL) consists of a synaptic connection between the axons of bipolar cells and dendrites of 
ganglion and amacrine cells. The ganglion-cell layer (GCL) contains the cell bodies of retinal 
ganglion cells, certain displaced amacrine cells, and astrocytes. Inside the eye, ganglion-cell 
axons run along the retinal surface toward the optic-nerve head forming nerve-fibre layer 
(NFL) [34,35] (Figure 1). 

The neural retina also contains two types of macroglial cells: Müller cells and astrocytes 
(Figure 2). 

Müller cells are long, radially oriented cells which span the width of the neural retina from 
the outer limiting membrane (OLM), where their apical ends are located, to the inner limiting 
membrane (INL), where their basal endfeet terminate (Figure 2A). In the nuclear layers, the 
lamellar processes of the Müller cells can be seen to form basket-like structures which 
envelope the cell bodies of photoreceptors and neural cells. In plexiform layers, fine processes 
of these cells are interwoven between the synaptic processes of neural cells. In both the 
plexiform and nuclear layers, Müller cell processes cover most but not all neural surfaces [36].  

Astrocytes are located mainly in the NFL and GCL in most mammals (human, rabbit, rats 
and mouse, among others) [37-39] (Figure 2B). Astrocyte morphology differs between 
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species. In humans, two types of astrocytes can be distinguished: elongated (located in the 
NFL) and star-shaped (located in GCL) astrocytes. In mice and rats the astrocytes are stellate 
(Figure 2B). The greatest variety of retinal astroglial cell morphologies is found in the rabbit, 
which possesses two large astrocyte groups: astrocytes associated with the nerve-fibre 
bundles (AANFB) which are aligned parallel to the axonal bundles in the NFL (Figure 10G), 
and perivascular astrocytes (PVA), associated with the retinal and vitreous blood vessels 
(Figure 10A,D). PVA can be further subdivided into: i) type I PVA, which have numerous 
sprouting, hair-like processes, associated with medium-sized epiretinal vessels, and with 
capillaries located over the inner limiting membrane (ILM) (Figure 10A), and ii) type II star-
shaped PVA, which are located on and between larger and medium-sized epiretinal vessels 
[15,38,40-42] (Figure 10D). The morphology of retinal astrocytes in different animal species 
is determined by the way their processes adapt to the surrounding structures [43].  

 
Figure 2. Immunohistochemistry anti-GFAP in mouse retinal whole-mount. A: GFAP+ Müller cells 
after 15 days of laser-induced ocular hypertension. The pressure exerted by the cover glass on the 
retinal whole-mount, produced a retinal-like section effect in some retinal borders. Müller cells exhibit a 
radial morphology that creates a columnar matrix that maintains the laminar structure of the retina 
[Astrocyte (*); inner limiting membrane (ILM)]. B: Confocal microscopy of normal retinal astrocytes. 
These cells form a homogeneous plexus on the nerve-fibre-RCG layer constituted by stellate cells. 
(Modified from Gallego et al [39]).  

Macroglial cells perform a variety of essential roles for the normal physiology of the retina, 
maintaining a close and permanent relationship with the neurons [43]. Thus every aspect of 
the development, homeostasis, and function of the visual system involves a neuron-glia 
partnership. Glial cells insulate neurons, provide physical support, and supplement them 
with several metabolites and growth factors. These cells also play important roles in axon 
guidance and control of synaptogenesis [44]. Under normal conditions, astrocytes and 
Müller cells maintain the homeostasis of extracellular ions, glucose, and other metabolites, 
water, pH and neurotransmitters such as glutamate and GABA [45]. These cells also 
produce a great quantity of growth factors and cytokines, which may contribute both to 
neurotoxic as well as neuroprotective effects. It has also been demonstrated that macroglial 
cells are more resistant to oxidative damage than are the neurons, this trait protecting them 
against such damage. This potential is due to the fact that these cells contain high 
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The elastic layer also suffers a disruption with aging, namely, an increase in density and 
calcification [33]. These aged-related changes could cause cracks and holes in Bruch’s 
membrane. Major breaks in Bruch’s membrane are associated with oedema, leading to the 
accumulation of fluid between the RPE and photoreceptors, and hence to a retinal 
detachment. This association between the discontinuity of Bruch's membrane and retinal 
oedema suggests that, under normal conditions, Bruch’s membrane could play a role in 
limiting fluid movement to and from the retina [25]. 

2.1. Anatomy of the retina 

The primary function of the retina is to convert light into nerve impulses which are 
transferred to the brain via the optic nerve. The retina comprises the retinal pigment 
epithelium and the neurosensory retina, the latter containing neurons, glial cells and 
components of the vascular system. Various types of neurons are present, such as: 
photoreceptors, bipolar cells, ganglion cells, amacrine cells and horizontal cells [34]. The 
coding function of the retina depends not only on photoreceptors but also on neurons, glial 
cells and RPE, which amplify the signal [35]. The photoreceptors are the cells that capture 
light and are situated at the most external side of the neurosensory retina, in the vicinity of 
the RPE. These cells are of two types: rods (for scotopic vision) and cones (for photopic 
vision) [34]. The ability of photoreceptors to convert light photons into an electrical signal is 
due to the presence of a photopigment in their outer segments. These segments consist of a 
stack of disk membranes that are synthesised in the proximal portion of the outer segment 
and shed at its apical size [35]. Photoreceptors form contacts with horizontal and bipolar 
cells in the outer plexiform layer (OPL). Coupling between neighbouring rods and cones in 
OPL allows the first stage of visual processing. The inner nuclear layer (INL) contains cell 
bodies of Müller glial, bipolar, amacrine, and horizontal cells. The inner plexiform layer 
(IPL) consists of a synaptic connection between the axons of bipolar cells and dendrites of 
ganglion and amacrine cells. The ganglion-cell layer (GCL) contains the cell bodies of retinal 
ganglion cells, certain displaced amacrine cells, and astrocytes. Inside the eye, ganglion-cell 
axons run along the retinal surface toward the optic-nerve head forming nerve-fibre layer 
(NFL) [34,35] (Figure 1). 

The neural retina also contains two types of macroglial cells: Müller cells and astrocytes 
(Figure 2). 

Müller cells are long, radially oriented cells which span the width of the neural retina from 
the outer limiting membrane (OLM), where their apical ends are located, to the inner limiting 
membrane (INL), where their basal endfeet terminate (Figure 2A). In the nuclear layers, the 
lamellar processes of the Müller cells can be seen to form basket-like structures which 
envelope the cell bodies of photoreceptors and neural cells. In plexiform layers, fine processes 
of these cells are interwoven between the synaptic processes of neural cells. In both the 
plexiform and nuclear layers, Müller cell processes cover most but not all neural surfaces [36].  

Astrocytes are located mainly in the NFL and GCL in most mammals (human, rabbit, rats 
and mouse, among others) [37-39] (Figure 2B). Astrocyte morphology differs between 
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species. In humans, two types of astrocytes can be distinguished: elongated (located in the 
NFL) and star-shaped (located in GCL) astrocytes. In mice and rats the astrocytes are stellate 
(Figure 2B). The greatest variety of retinal astroglial cell morphologies is found in the rabbit, 
which possesses two large astrocyte groups: astrocytes associated with the nerve-fibre 
bundles (AANFB) which are aligned parallel to the axonal bundles in the NFL (Figure 10G), 
and perivascular astrocytes (PVA), associated with the retinal and vitreous blood vessels 
(Figure 10A,D). PVA can be further subdivided into: i) type I PVA, which have numerous 
sprouting, hair-like processes, associated with medium-sized epiretinal vessels, and with 
capillaries located over the inner limiting membrane (ILM) (Figure 10A), and ii) type II star-
shaped PVA, which are located on and between larger and medium-sized epiretinal vessels 
[15,38,40-42] (Figure 10D). The morphology of retinal astrocytes in different animal species 
is determined by the way their processes adapt to the surrounding structures [43].  

 
Figure 2. Immunohistochemistry anti-GFAP in mouse retinal whole-mount. A: GFAP+ Müller cells 
after 15 days of laser-induced ocular hypertension. The pressure exerted by the cover glass on the 
retinal whole-mount, produced a retinal-like section effect in some retinal borders. Müller cells exhibit a 
radial morphology that creates a columnar matrix that maintains the laminar structure of the retina 
[Astrocyte (*); inner limiting membrane (ILM)]. B: Confocal microscopy of normal retinal astrocytes. 
These cells form a homogeneous plexus on the nerve-fibre-RCG layer constituted by stellate cells. 
(Modified from Gallego et al [39]).  

Macroglial cells perform a variety of essential roles for the normal physiology of the retina, 
maintaining a close and permanent relationship with the neurons [43]. Thus every aspect of 
the development, homeostasis, and function of the visual system involves a neuron-glia 
partnership. Glial cells insulate neurons, provide physical support, and supplement them 
with several metabolites and growth factors. These cells also play important roles in axon 
guidance and control of synaptogenesis [44]. Under normal conditions, astrocytes and 
Müller cells maintain the homeostasis of extracellular ions, glucose, and other metabolites, 
water, pH and neurotransmitters such as glutamate and GABA [45]. These cells also 
produce a great quantity of growth factors and cytokines, which may contribute both to 
neurotoxic as well as neuroprotective effects. It has also been demonstrated that macroglial 
cells are more resistant to oxidative damage than are the neurons, this trait protecting them 
against such damage. This potential is due to the fact that these cells contain high 
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concentrations of antioxidants such as reduced glutathione and vitamin C. Consequently, a 
depression of these cellular activities could lead to neuronal dysfunction [46]. Macroglial 
cells induce the properties of barrier in the endothelial cells of retinal capillaries (the blood-
retinal barrier), securing immune privilege to protect neurons from potentially damaging 
effects of an inflammatory immune response. Finally, glial cells can play fundamental roles 
in local immune responses and immunosurveillance [44].  

Macroglial cells also play a part in pathological processes in central nervous system (CNS). 
Glial cells in the CNS have been cited as participants in the pathological course of neuronal 
damage after mechanical, ischaemic, and various other insults. Glial cell activation is a 
hallmark of CNS injury, characterized by an increase in size and number of glial cells and 
upregulation of GFAP, with additional cellular changes that may cause or relieve neuronal 
impairment. These reactive cells also have higher metabolic activity. After injury, reactive 
glial cells participate in the formation of a glial scar, in which there is an accumulation of 
enlarged astrocyte bodies and a thick network of processes with increased expression of 
GFAP and vimentin. Macroglial cells become reactive in response to a wide variety of 
stimuli, including inflammation and oxidative and mechanical stress [47].  

Other components of the retina are the blood vessels. Photoreceptors receive nutrients via 
the choriocapillaris. The inner retinal layers have their own blood supply coming from the 
blood vessels entering the retina at the optic-nerve head. For its protection, the retina is 
physiologically and immunologically segregated from the rest of the body by tight junctions 
between vascular endothelial cells (inner blood-retinal barrier) and RPE cells (outer blood-
retinal barrier). This fact is responsible for intraocular tissue to be an immune privileged 
site, thus protecting the eye from the innocent-bystander effect of inflammation [34]. In 
addition, only small molecules can cross these barriers, making it difficult for many drugs to 
reach ocular tissue.  

The outermost retinal layer is the RPE (Figure 1), which is formed by a single layer of 
pigmented hexagonal cells.  These cells provide the supportive role necessary to sustain the 
high metabolic demands of photoreceptors. RPE cells supply nutrients and oxygen, 
regenerate phototransduction products, and digest debris shed by the photoreceptors. The 
basal aspect of RPE cells contains numerous infoldings and is adjacent to Bruch’s 
membrane. The apical surface is adjacent the neural retina. The RPE cells contain numerous 
pigment granules (melanosomes), lipofuscin granules, and degradation products of 
phagocytosis, which grow in number with age (Figure 4A) [7]. The RPE had several 
intercellular junctions: zonula occludens, zonula adherents, desmosomes, and gap junctions. 
The latter allow the cell electrical coupling and provide a low-resistance pathway for the 
passage of ions and metabolites [48]. The RPE fosters the health of the neural retina and 
choriocapillaris in several ways:  the zonula occludens joining the RPE cells are part of the 
blood-retinal barrier and selectively control movement of nutrients and metabolites from 
choriocapillaris into the retina and removal of waste products from the retina into the 
choriocapillaris [49].  RPE cells phagocytose fragments of the photoreceptor outer segment 
discs, metabolise and store vitamin A, and produce growth factors, helping to maintain 
choriocapillaris and retinal function. Other, less well-characterized functions of the RPE are 
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the absorption of stray light and the scavenging of free radicals by the melanin pigment in 
the epithelium and the drug detoxification by the smooth endoplasmic reticulum 
cytochrome p-450 system [50]. From the several functions displayed by RPE, it can be easily 
concluded that dysfunction of RPE cells has serious consequences on the health of 
photoreceptors [34]. 

2.2. The metabolism of lipids in the retina 

Recent studies have demonstrated that fatty acids are fundamental for normal visual 
function [51]. Humans are unable to synthesise essential fatty acids (EFAs) and must acquire 
them through the food intake. Dietary EFAs are transformed into the endoplasmic reticulum 
of hepatic and retinal cells [52]  into long-chain polyunsaturated fatty acids (LCPUFAs). 
LCPUFAs perform various functions, e.g. serving as ligands for gene-transcription factors 
for cell growth and differentiation, to participate in the metabolism of lipids, carbohydrates, 
and proteins, and to intervene in the inter- and intracellular signal cascades that influence 
vascular, neural, and immune functions [51].  

In the neural retina, the richest LCPUFA-containing lipids are the phospholipids of the cell 
membranes [53], and the most abundant LCPUFAs in the retina are docosahexaenoic acid 
(DHA) and arachidonic acid (AA). DHA is a long-chain polyunsaturated fatty acid from the 
omega 3 series. It is present at high levels in the neurosensory retina [54]. DHA improves 
the kinetics of the photocycle by creating specific intermolecular associations with 
rhodopsin [35]. Brain astrocytes [55] and retinal tissue [34] can produce DHA, but in a 
limited way [56], given that the synthesis process is slow [57] and restricted to the RPE and 
the endothelial cells of the retinal vessels [58]. Consequently, retinal requirements of 
LCPUFAs depend on input from the liver (the main site of LCPUFA biosynthesis) [59] and 
hence on transportation of LCPUFAs from the choriocapillaris to the outer segments of the 
RPE-photoreceptor. 

Cell-membrane permeability is thought to depend on the balance between LCPUFAs and 
cholesterol [60,61]. Ocular DHA levels are lower in high-cholesterol diets, a fact that could 
influence the development of ocular disease [62]. Recently, it has been reported the 
relationship between lipid intake and AMD in patients with low intake of linoleic acid (a 
LCPUFA) [63]. 

Cholesterol is present exclusively as the free form in the neurosensory retina, and 
distributed in all cell layers [54,64]. Cholesterol in the neuroretina originates from in situ 
synthesis and extra-retinal sources. RPE, Müller cells and rods express 3-hydroxy-3-methyl-
glutaryl-CoA reductase, the rate-limiting enzyme in the cholesterol biosynthetic pathway 
[65]. RPE cells express various lipoprotein and scavenger receptors which can promote the 
recognition of cholesterol-rich lipoprotein and enhance the entry of cholesterol in the 
neurosensory retina [65]. Indeed, cholesterol bound to LDL can reach the RPE and enter the 
neurosensory retina [66]. Neurosensory retina and RPE cells express proteins which 
participate to cholesterol export in tissues other than the retina, such as ABCA1, apoE, 
ApoA1 or SR-BI [65]. RPE cells have the capacity to synthesise lipoprotein-like particles 
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concentrations of antioxidants such as reduced glutathione and vitamin C. Consequently, a 
depression of these cellular activities could lead to neuronal dysfunction [46]. Macroglial 
cells induce the properties of barrier in the endothelial cells of retinal capillaries (the blood-
retinal barrier), securing immune privilege to protect neurons from potentially damaging 
effects of an inflammatory immune response. Finally, glial cells can play fundamental roles 
in local immune responses and immunosurveillance [44].  

Macroglial cells also play a part in pathological processes in central nervous system (CNS). 
Glial cells in the CNS have been cited as participants in the pathological course of neuronal 
damage after mechanical, ischaemic, and various other insults. Glial cell activation is a 
hallmark of CNS injury, characterized by an increase in size and number of glial cells and 
upregulation of GFAP, with additional cellular changes that may cause or relieve neuronal 
impairment. These reactive cells also have higher metabolic activity. After injury, reactive 
glial cells participate in the formation of a glial scar, in which there is an accumulation of 
enlarged astrocyte bodies and a thick network of processes with increased expression of 
GFAP and vimentin. Macroglial cells become reactive in response to a wide variety of 
stimuli, including inflammation and oxidative and mechanical stress [47].  

Other components of the retina are the blood vessels. Photoreceptors receive nutrients via 
the choriocapillaris. The inner retinal layers have their own blood supply coming from the 
blood vessels entering the retina at the optic-nerve head. For its protection, the retina is 
physiologically and immunologically segregated from the rest of the body by tight junctions 
between vascular endothelial cells (inner blood-retinal barrier) and RPE cells (outer blood-
retinal barrier). This fact is responsible for intraocular tissue to be an immune privileged 
site, thus protecting the eye from the innocent-bystander effect of inflammation [34]. In 
addition, only small molecules can cross these barriers, making it difficult for many drugs to 
reach ocular tissue.  

The outermost retinal layer is the RPE (Figure 1), which is formed by a single layer of 
pigmented hexagonal cells.  These cells provide the supportive role necessary to sustain the 
high metabolic demands of photoreceptors. RPE cells supply nutrients and oxygen, 
regenerate phototransduction products, and digest debris shed by the photoreceptors. The 
basal aspect of RPE cells contains numerous infoldings and is adjacent to Bruch’s 
membrane. The apical surface is adjacent the neural retina. The RPE cells contain numerous 
pigment granules (melanosomes), lipofuscin granules, and degradation products of 
phagocytosis, which grow in number with age (Figure 4A) [7]. The RPE had several 
intercellular junctions: zonula occludens, zonula adherents, desmosomes, and gap junctions. 
The latter allow the cell electrical coupling and provide a low-resistance pathway for the 
passage of ions and metabolites [48]. The RPE fosters the health of the neural retina and 
choriocapillaris in several ways:  the zonula occludens joining the RPE cells are part of the 
blood-retinal barrier and selectively control movement of nutrients and metabolites from 
choriocapillaris into the retina and removal of waste products from the retina into the 
choriocapillaris [49].  RPE cells phagocytose fragments of the photoreceptor outer segment 
discs, metabolise and store vitamin A, and produce growth factors, helping to maintain 
choriocapillaris and retinal function. Other, less well-characterized functions of the RPE are 
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the absorption of stray light and the scavenging of free radicals by the melanin pigment in 
the epithelium and the drug detoxification by the smooth endoplasmic reticulum 
cytochrome p-450 system [50]. From the several functions displayed by RPE, it can be easily 
concluded that dysfunction of RPE cells has serious consequences on the health of 
photoreceptors [34]. 

2.2. The metabolism of lipids in the retina 

Recent studies have demonstrated that fatty acids are fundamental for normal visual 
function [51]. Humans are unable to synthesise essential fatty acids (EFAs) and must acquire 
them through the food intake. Dietary EFAs are transformed into the endoplasmic reticulum 
of hepatic and retinal cells [52]  into long-chain polyunsaturated fatty acids (LCPUFAs). 
LCPUFAs perform various functions, e.g. serving as ligands for gene-transcription factors 
for cell growth and differentiation, to participate in the metabolism of lipids, carbohydrates, 
and proteins, and to intervene in the inter- and intracellular signal cascades that influence 
vascular, neural, and immune functions [51].  

In the neural retina, the richest LCPUFA-containing lipids are the phospholipids of the cell 
membranes [53], and the most abundant LCPUFAs in the retina are docosahexaenoic acid 
(DHA) and arachidonic acid (AA). DHA is a long-chain polyunsaturated fatty acid from the 
omega 3 series. It is present at high levels in the neurosensory retina [54]. DHA improves 
the kinetics of the photocycle by creating specific intermolecular associations with 
rhodopsin [35]. Brain astrocytes [55] and retinal tissue [34] can produce DHA, but in a 
limited way [56], given that the synthesis process is slow [57] and restricted to the RPE and 
the endothelial cells of the retinal vessels [58]. Consequently, retinal requirements of 
LCPUFAs depend on input from the liver (the main site of LCPUFA biosynthesis) [59] and 
hence on transportation of LCPUFAs from the choriocapillaris to the outer segments of the 
RPE-photoreceptor. 

Cell-membrane permeability is thought to depend on the balance between LCPUFAs and 
cholesterol [60,61]. Ocular DHA levels are lower in high-cholesterol diets, a fact that could 
influence the development of ocular disease [62]. Recently, it has been reported the 
relationship between lipid intake and AMD in patients with low intake of linoleic acid (a 
LCPUFA) [63]. 

Cholesterol is present exclusively as the free form in the neurosensory retina, and 
distributed in all cell layers [54,64]. Cholesterol in the neuroretina originates from in situ 
synthesis and extra-retinal sources. RPE, Müller cells and rods express 3-hydroxy-3-methyl-
glutaryl-CoA reductase, the rate-limiting enzyme in the cholesterol biosynthetic pathway 
[65]. RPE cells express various lipoprotein and scavenger receptors which can promote the 
recognition of cholesterol-rich lipoprotein and enhance the entry of cholesterol in the 
neurosensory retina [65]. Indeed, cholesterol bound to LDL can reach the RPE and enter the 
neurosensory retina [66]. Neurosensory retina and RPE cells express proteins which 
participate to cholesterol export in tissues other than the retina, such as ABCA1, apoE, 
ApoA1 or SR-BI [65]. RPE cells have the capacity to synthesise lipoprotein-like particles 
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which may also play a role in these mechanisms of efflux and influx of cholesterol in the 
retina [67].  

Similar to the brain [68,69], the neurosensory retina expresses cholesterol-24S-hydroxylase 
(CYP46A1) [70]. CYP46A1 is a microsomal cytochrome P450 enzyme which catalyses the 
hydroxylation of cholesterol at position C24. It has been suggested that CYP46A1 represents 
a mechanism of cholesterol removal from neurons [71] and strongly induces oxidative stress 
as well the inflammatory response in RPE cells. RGC specifically express CYP46A1 [70], a 
hydroxylase that might promote apoptosis of RGC in glaucoma. Cholesterol-27-hydroxylase 
(CYP27A1) shows a property the similar to that of CYP46A1, converting cholesterol into a 
more polar metabolite [72]). 

7-ketocholesterol is a non-enzymatic-oxidation product of cholesterol. The formation of 7-
ketocholesterol in the retina has been thoroughly studied in the retina, in connection with 
oxidative stress, aging and AMD [73]. 

With age, the diffusion characteristics of the choriocapillaris-Bruch’s membrane-RPE-
photoreceptor complex [74,75] change, RPE density decreases [76], and the cytoarchitecture 
of RPE cells transforms [77]. Such morphological and functional changes lead to AMD in 
some patients. Additionally, there may be age-related changes in the specific activities of the 
lysosomal enzymes of the RPE and it has been reported that animals fed a fish-oil-enriched 
diet presented higher activity of lysosomal acid lipase [78,79]. This could augment the 
hydrolysis of the intralysosomal lipids of the RPE, thus reducing lipofuscin deposits and 
oxidative damage of the RPE, this in turn preventing the development of AMD.  

Recent studies have demonstrated the relationships between dietary fat and the promotion 
of vascular disease [51]. Lipoprotein metabolism has also been associated with 
neurodegenerative disorders in rats [14]  but preliminary results showed no marked 
changes in apo-E knockout mice [80]. Eukaryotic cells require sterols to achieve normal 
structure and function of their plasma membranes, and deviations from normal sterol 
composition can perturb these features and compromise cell and organism viability [81]. 
Given that cholesterol is required by neurons, an intimate relationship could exist between 
cholesterol homeostasis and the development, maintenance, and repair of these cells [14]. 

The particular spatial arrangement of retinal macroglial cells (astrocytes and Müller cells) 
that are intercalated between vasculature and neurons points to their importance in the 
uptake of nutrients from the circulation, metabolism, and transfer of energy to neurons 
[37,40,82]. Moreover, apoE lipoprotein, which plays a central role in serum-cholesterol 
homeostasis through its ability to bind cholesterol with other lipids and to mediate their 
transport into cells, is produced by glial cells [83]. Müller cells express HMGcoA reductase. 
Glia is also known to support neurons in the formation and maintenance of synapses in 
which cholesterol is crucial [84]. Therefore, all together, these data suggest that glial Müller 
cells may also help deliver cholesterol to neurons [35].  

As mentioned above, associations between 24S-hydroxycholesterol in glaucoma and other 
neurodegenerative diseases are suspected. Glial expression of CYP46A1 has also been 
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reported in the brain of Alzheimer’s patients [85,86]. Glia may compensate for the loss of 
neurons while expressing CYP46A1. Meanwhile, Müller cells play a key role in the 
maintenance of RGC bodies in the retina, besides participating in lipid metabolism, 
including fatty acid oxidation [86].  

Reactive gliosis, a general response to injury and inflammation in the adult brain [87,88], is 
characterized by up-regulation of various kinds of molecules, the best known being GFAP 
[89]. The de novo expression of GFAP by retinal Müller cells is indicative of retinal 
impairment, whether induced by glaucoma [39,90,91] (Figure 2A), retinal detachment [88,92-
94], diabetic retinopathy [88,94], or AMD ([74]. By contrast, retinal astrocytes may not only 
acquire gliotic features but may also diminish in number when there is either vessel damage 
with greater permeability of the blood-retinal barrier [95]  or a massive loss of neurons [96]. 

Given the intricate metabolic interdependence between vessels, macroglial cells, and 
neurons, high cholesterol levels could deregulate a number of cell functions in both 
macroglial and neuronal cells.  

3. Hypercholesterolaemia as a risk factor for retinal ischaemia 

Most of the information available on vascular diseases is based mainly on studies of 
ischaemic heart disease [97] and cerebrovascular diseases [98]. In both, the underlying 
phenomenon is artherosclerosis, a general term referring to any vascular degeneration 
causing the thickening and loss of arterial-wall elasticity and that encompasses 
atherosclerotic and non-atherosclerotic conditions. Atherosclerosis involves a hardening of 
the arterial intima due to a lipid build-up in artery, a condition that appears in humans at an 
early age and develops progressively over the aging process [99]. 

Schematically, we can point to various types of long-recognized vascular risk factors: i) non-
reversible factors, such as age, male gender or family history of early atherosclerosis; ii) 
reversible factors such as smoking, hypertension, obesity or hypercholesterolaemia; iii) 
partially reversible factors such as hypertriglyceridaemia and other forms of 
hyperlipidaemia, hyperglycaemia, and diabetes mellitus; and iv) potential risk factors such 
as physical inactivity or emotional stress. Some new factors can be added to the 
aforementioned vascular risk factors, including lipoprotein A, homocysteine, coagulation 
factors and C-reactive protein [99,100]. 

It bears noting that the importance of hypercholesterolaemia as a cardiovascular risk factor 
lies not only in its direct effect on the pathogenesis of coronary or cerebrovascular disease, 
but also in the influence exerted on the course of other pathologies. For ocular diseases, 
epidemiological studies have demonstrated that hypercholesterolaemia is a risk factor for 
several pathologies despite not being considered the primary cause of the process. 

In the case of retinal lesions, classical risk factors for atherosclerosis seem to lose 
influence. The Atherosclerosis Risk in Communities Study (ARIC) has suggested that 
changes in the retinal vessels (arteriolar narrowing, arteriovenous index, and 
abnormalities where the arterioles cross or arteriovenous nicking) are closely linked to 
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which may also play a role in these mechanisms of efflux and influx of cholesterol in the 
retina [67].  

Similar to the brain [68,69], the neurosensory retina expresses cholesterol-24S-hydroxylase 
(CYP46A1) [70]. CYP46A1 is a microsomal cytochrome P450 enzyme which catalyses the 
hydroxylation of cholesterol at position C24. It has been suggested that CYP46A1 represents 
a mechanism of cholesterol removal from neurons [71] and strongly induces oxidative stress 
as well the inflammatory response in RPE cells. RGC specifically express CYP46A1 [70], a 
hydroxylase that might promote apoptosis of RGC in glaucoma. Cholesterol-27-hydroxylase 
(CYP27A1) shows a property the similar to that of CYP46A1, converting cholesterol into a 
more polar metabolite [72]). 

7-ketocholesterol is a non-enzymatic-oxidation product of cholesterol. The formation of 7-
ketocholesterol in the retina has been thoroughly studied in the retina, in connection with 
oxidative stress, aging and AMD [73]. 

With age, the diffusion characteristics of the choriocapillaris-Bruch’s membrane-RPE-
photoreceptor complex [74,75] change, RPE density decreases [76], and the cytoarchitecture 
of RPE cells transforms [77]. Such morphological and functional changes lead to AMD in 
some patients. Additionally, there may be age-related changes in the specific activities of the 
lysosomal enzymes of the RPE and it has been reported that animals fed a fish-oil-enriched 
diet presented higher activity of lysosomal acid lipase [78,79]. This could augment the 
hydrolysis of the intralysosomal lipids of the RPE, thus reducing lipofuscin deposits and 
oxidative damage of the RPE, this in turn preventing the development of AMD.  

Recent studies have demonstrated the relationships between dietary fat and the promotion 
of vascular disease [51]. Lipoprotein metabolism has also been associated with 
neurodegenerative disorders in rats [14]  but preliminary results showed no marked 
changes in apo-E knockout mice [80]. Eukaryotic cells require sterols to achieve normal 
structure and function of their plasma membranes, and deviations from normal sterol 
composition can perturb these features and compromise cell and organism viability [81]. 
Given that cholesterol is required by neurons, an intimate relationship could exist between 
cholesterol homeostasis and the development, maintenance, and repair of these cells [14]. 

The particular spatial arrangement of retinal macroglial cells (astrocytes and Müller cells) 
that are intercalated between vasculature and neurons points to their importance in the 
uptake of nutrients from the circulation, metabolism, and transfer of energy to neurons 
[37,40,82]. Moreover, apoE lipoprotein, which plays a central role in serum-cholesterol 
homeostasis through its ability to bind cholesterol with other lipids and to mediate their 
transport into cells, is produced by glial cells [83]. Müller cells express HMGcoA reductase. 
Glia is also known to support neurons in the formation and maintenance of synapses in 
which cholesterol is crucial [84]. Therefore, all together, these data suggest that glial Müller 
cells may also help deliver cholesterol to neurons [35].  

As mentioned above, associations between 24S-hydroxycholesterol in glaucoma and other 
neurodegenerative diseases are suspected. Glial expression of CYP46A1 has also been 
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reported in the brain of Alzheimer’s patients [85,86]. Glia may compensate for the loss of 
neurons while expressing CYP46A1. Meanwhile, Müller cells play a key role in the 
maintenance of RGC bodies in the retina, besides participating in lipid metabolism, 
including fatty acid oxidation [86].  

Reactive gliosis, a general response to injury and inflammation in the adult brain [87,88], is 
characterized by up-regulation of various kinds of molecules, the best known being GFAP 
[89]. The de novo expression of GFAP by retinal Müller cells is indicative of retinal 
impairment, whether induced by glaucoma [39,90,91] (Figure 2A), retinal detachment [88,92-
94], diabetic retinopathy [88,94], or AMD ([74]. By contrast, retinal astrocytes may not only 
acquire gliotic features but may also diminish in number when there is either vessel damage 
with greater permeability of the blood-retinal barrier [95]  or a massive loss of neurons [96]. 

Given the intricate metabolic interdependence between vessels, macroglial cells, and 
neurons, high cholesterol levels could deregulate a number of cell functions in both 
macroglial and neuronal cells.  

3. Hypercholesterolaemia as a risk factor for retinal ischaemia 

Most of the information available on vascular diseases is based mainly on studies of 
ischaemic heart disease [97] and cerebrovascular diseases [98]. In both, the underlying 
phenomenon is artherosclerosis, a general term referring to any vascular degeneration 
causing the thickening and loss of arterial-wall elasticity and that encompasses 
atherosclerotic and non-atherosclerotic conditions. Atherosclerosis involves a hardening of 
the arterial intima due to a lipid build-up in artery, a condition that appears in humans at an 
early age and develops progressively over the aging process [99]. 

Schematically, we can point to various types of long-recognized vascular risk factors: i) non-
reversible factors, such as age, male gender or family history of early atherosclerosis; ii) 
reversible factors such as smoking, hypertension, obesity or hypercholesterolaemia; iii) 
partially reversible factors such as hypertriglyceridaemia and other forms of 
hyperlipidaemia, hyperglycaemia, and diabetes mellitus; and iv) potential risk factors such 
as physical inactivity or emotional stress. Some new factors can be added to the 
aforementioned vascular risk factors, including lipoprotein A, homocysteine, coagulation 
factors and C-reactive protein [99,100]. 

It bears noting that the importance of hypercholesterolaemia as a cardiovascular risk factor 
lies not only in its direct effect on the pathogenesis of coronary or cerebrovascular disease, 
but also in the influence exerted on the course of other pathologies. For ocular diseases, 
epidemiological studies have demonstrated that hypercholesterolaemia is a risk factor for 
several pathologies despite not being considered the primary cause of the process. 

In the case of retinal lesions, classical risk factors for atherosclerosis seem to lose 
influence. The Atherosclerosis Risk in Communities Study (ARIC) has suggested that 
changes in the retinal vessels (arteriolar narrowing, arteriovenous index, and 
abnormalities where the arterioles cross or arteriovenous nicking) are closely linked to 
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hypertension but not to other factors [101], although the presence of retinal lesions is 
associated with a higher prevalence of ischaemic heart disease, myocardial infarction, 
stroke, or carotid plaques in patients over 65 years [102,103]. It has been suggested that 
the retinal lesions could reflect the persistence of small-vessel damage due to 
hypertension and possibly inflammation and endothelial dysfunction, although they have 
little relation to large-vessel damage [103]. 

Another work of the ARIC study found that retinal arteriolar narrowing intensifies the 
risk of ischaemic heart disease in women but not men after adjusting the population for 
other known risk factors such as blood pressure, diabetes, smoking, and lipids. The 
authors speculated that the difference between sexes may be due to the fact that 
microvascular lesions may have a greater role in women than in men. Hormones protect 
women from macrovascular injury but it is not clear whether small vessels receive the 
same protection [104]. 

The examination of the retinal vasculature offers a unique opportunity to investigate 
cerebral microcirculation [105], which can be of outstanding importance to clarify the role of 
microcirculation in stroke [106]. The presence of retinal microvascular abnormalities is 
linked to the incidence of any stroke and also to the presence of high blood pressure, not 
only at the time of diagnosis, but also beforehand. Furthermore, stroke has been associated 
with markers of inflammation and endothelial dysfunction, suggesting the possibility of a 
significant microvascular component in stroke that a retinal examination might reveal [107]. 
Notably, although the importance of the association between brain and retinal 
microvascular lesions is still unknown, the prediction of a stroke provided by the white-
matter lesions multiply in the presence of retinal lesions [108]. 

In conclusion, epidemiological studies have shown an association between vascular changes 
in the retina and elsewhere. This association appears to be related to common factors of 
microvasculature damage, the role of which, both in ischaemic heart disease and stroke, 
may be greater than suspected. 

4. Animal models of hypercholesterolaemia 

Animal models provide a controlled environment in which to study disease mechanisms 
and to devise technologies for diagnosis and therapeutic intervention for human 
atherosclerosis. Different species have been used for experimental purposes (cat, pig, 
dog, rabbit, rat, mouse, zebra fish). The larger animal models more closely resemble 
human situations of atherosclerosis and transplant atherosclerosis and can also be easily 
used in (molecular) imaging studies of cardiovascular disease, in which disease 
development and efficacy of (novel) therapies can be monitored objectively and non-
invasively. Imaging might also enable early disease diagnosis or prognosis [109]. On the 
other hand, the benefits of genetically modified inbred mice remain useful, especially in 
quantitative trait locus (QTL)-analysis studies (a genetic approach to examine 
correlations between genotypes and phenotypes and to identify (new) genes underlaying 
polygenic traits [109].  
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4.1. Mice 

Wild-type mice are quite resistant to atherosclerosis as a result of high levels of anti-
atherosclerotic HDL and low levels of pro-atherogenic LDL and very-low-density-
lipoproteins (VLDL). All of the current mouse models of atherosclerosis are therefore based 
on perturbations of lipoprotein metabolism through dietary or genetic manipulations [110]. 

ApoE-knockout mice  

In apoliprotein-deficient mice (apoE-/-) the homozygous delection of the apoE gene  results in a 
pronounced rise in the plasma levels of LDL and VLDL attributable to the failure of LDL-
receptor (LDLr-) and LDL-related proteins (LRP-) mediated clearance of these lipoproteins. As a 
consequence, apoE-/- mice develop spontaneous atherosclerosis. Of the genetically engineered 
models, the apoE-deficient model is the only one that develops extensive atherosclerotic lesions 
on a low-fat cholesterol-free chow diet (<40g/kg). The development of atherosclerosis lesion can 
be strongly accelerated by a high-fat, high-cholesterol (HFC) diet [111].  

ApoE-knockout mice have played a pivotal role in understanding the inflammatory 
background of atherosclerosis, a disease previously thought to be mainly degenerative. The 
apoE-deficient mouse model of atherosclerosis can be used to: i) identify atherosclerosis-
susceptibility-modifying genes; ii) define the role of various cell types in atherogenesis; iii) 
characterize environmental factors affecting atherogenesis; and iv) to assess therapies [112]. 

Because of the rapid development of atherosclerosis and the resemblance of lesion to human 
counterparts, the apoE-/- model have been widely used. However, some drawbacks are 
associated with the complete absence of apoE proteins: i) the model is dominated by high 
levels of plasma cholesterol; ii) most plasma levels are confined to VLDL and not to LDL 
particles, as in humans; and iii) apoE protein has additional antiatherogenic properties 
besides regulating the clearance of lipoproteins such as antioxidant, antiproliferative 
(smooth-muscle cells, lymphocytes), anti-inflammatory, antiplatelet, and also has NO-
generating properties or immunomodulatory effects [113-115]. The study of the above 
processes and the effects of drugs thereupon is restricted in this model.  

LDLreceptor-deficient mice (LDLr-/- mice) 

In humans, mutations in the gen for the LDLr cause familial hypercholesterolaemia. Mice 
lacking the gene for LDL receptor (LDLr-/- mice), develops atherosclerosis, especially when 
fed a lipid-rich diet [116]. The morphology of the lesions in LDLr-/- mice is comparable to 
that in apoE-/-, while the main plasma lipoprotein in LDLr-/- mice are LDL and high-density-
lipoprotein (HDL) [117].   

ApoE*3Leiden (E3L) transgenic mouse 

ApoE*3Leiden (E3L) transgenic mice are being generated by introducing a human ApoE*3-
Leiden construct into C57B1/6 mice. E3L mice develop atherosclerosis on being fed 
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cholesterol. Because they are highly responsive to diets containing fat, sugar, and 
cholesterol, plasma lipid levels can easily be adjusted to a desired concentration by titrating 
the amount of cholesterol and sugar in the diet. E3L mice have a hyperlipidaemic phenotype 
with a prominent increase in VLDL- and LDL-sized lipoproteins fractions [118] and are 
more sensitive to lipid-lowering drugs than are apoE-/- and LDLr-/- mice [110]. 

4.2. Minipigs 

Because of their well-known physiological and anatomical similarities to humans, swine 
are considered to be increasingly attractive toxicological and pharmacological models. Pigs 
develop plasma cholesterol levels and atherosclerotic lesions similar to those of humans, 
but their maintenance is more difficult and expensive than that of smaller animals [109]. 
The minipig, smaller than the domestic swine, has served as a model of 
hypercholesterolaemia for more than two decades now. In 1986, the ref. [119] reported that 
the Göttingen strain had more susceptibility to alimentary hypercholesterolaemia and 
experimental atherosclerosis than did domestic swine of the Swedish Landrace. Clawn, 
Yucatan, Sinclair, and Handford are among other general minipigs used for experimental 
use [120-122].  

Down-sized Rapacz pigs are minipigs with familial hypercholesterolaemia caused by a 
mutation in the low-density lipoprotein receptor. It is a model of advanced atherosclerosis 
with human like vulnerable plaque morphology that has been used to test an imaging 
modality aimed at vulnerable plaque detection [123].  

The Microminipig (MMP) is the smallest of the minipigs used for experimental 
atherosclerosis [124]. One of its advantages is that in 3 months an atherosclerosis very 
similar in location, pathophysiology and pathology to that in humans can be induced [125]. 
The easy handling and mild character of the MMP make it possible to draw blood and 
conduct CT scanning under non-anaesthesized conditions.  

4.3. Zebra fish 

Cholesterol-fed zebra fish represent a novel animal model in which to study the early events 
involved in vascular lipid accumulation and lipoprotein oxidation [126,127]. Feeding zebra 
fish a high-cholesterol diet results in hypercholesterolaemia, vascular lipid accumulation, 
myeloid cell recruitment, and other pathological processes characteristic of early 
atherogenesis in mammals [128]. The advantages of the zebra-fish model include the optical 
transparency of the larvae, which enables imaging studies.  

4.4. Rabbits 

Investigation has continued on hypercholesterolaemic rabbits since 1913, when Anitschkow 
demonstrated that, in rabbits fed a hypercholesterolaemic diet underwent atherosclerotic 
changes at the level of the arterial intima similar to those in atherosclerotic humans. The 
atheromatose lesions in this animal are similar to those in humans also in sequence, as 
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confirmed in aortic atherosclerosis [3], making this animal a universal model for studying 
the anti-atherogenic activity of many drugs [129-132]. 

For the characteristics detailed below, the New Zealand rabbit is an excellent model to 
reproduce human atheromatosis because: i) it is possible to induce hypercholesterolaemia in 
a few days after administration of a high-cholesterol diet [2]; ii) it is sensitive to the 
induction of atheromatose lesions [3]; iii) hypercholesterolaemia results from excess LDL 
[133]; iv) excess cholesterol is eliminated from the tissues to be incorporated in HDL [134]; 
vi) it is capable of forming cholesterol-HDL complexes associated with apoE which are 
transported by the blood to the liver [134]; vii) the lipoprotein profile is similar in size to that 
of humans in the highest range, with HDL being practically the same [135]; viii) it presents 
postprandial hyperlipaemia for the existence of chilomicron remnants [136]; ix) the 
hyperlipaemic diet increases apoE [4]; and x) the sustained alteration of lipids after feeding 
with a cholesterol-rich diet is reversible when the diet [130] is replaced by a normal one [2]. 

Studies on hypercholesterolaemic rabbits have improved our knowledge of human 
atherosclerosis by delving into different aspects of the disease such as lipoproteins, 
mitogenes, growth factors, adhesion molecules, endothelial function, and different types of 
receptors.  At the vascular level, the importance of endothelial integrity and cell adhesion 
has been investigated [137]. It has been demonstrated that the high levels of lysosomal iron 
start the oxidation of the LDL, spurring the formation of lesions [138]. In addition, the 
expression of VCAM-1 preceding the infiltration of the subendothelial space by 
macrophages has been studied [139], as have the proteins, including MCP-1. In 
hypercholesterolaemic rabbits, this protein is over-expressed when the serum-cholesterol 
levels rise in macrophages and smooth-muscle cells, contributing to the development of 
fatty streaks [140]. 

In hypercholesterolaemic rabbits, the expression of Fas-L in cells of the arterial wall help us 
to understand the progression of the atherosclerotic lesion, as this expression indicates an 
increase in cell injury, as well as a greater accumulation in the intima of smooth-muscle cells 
[141]. Also, a hyperlipaemic diet causes a selective alteration of the functioning of certain 
regulatory proteins that are involved in gene expression, as occurs with the nuclear B factor, 
which stimulates the proliferation of macrophages and smooth-muscle cells [142]. 

In this model, a study was also made of the pre-thrombosis state triggered by the platelet 
aggregation in an altered endothelium and the possibilities of its inhibition [143], as well as 
the interactions of the LDL with the extracellular matrix to form aggregates that accumulate 
in the intima of the artery wall [144]. 

The consequences of hypercholesterolaemia in ischaemic cardiopathy and cerebrovascular 
pathology are well known. The same does not occur with the functional repercussions of the 
hypercholesterolaemia at the ocular level, partly because the underlying structural changes 
are not well known.  

The hypercholesterolaemic rabbit constitutes a useful model to explore the repercussions of 
excess lipids at the ocular level. This is because rabbits are susceptible to both systemic as 
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well as ocular alterations.  One of the broadest contributions made to the implications of 
experimental hypercholesterolaemia at the ocular level was that of ref. [145]. These authors, 
apart from analysing the changes in the liver, spleen, adrenaline glands, heart, aorta, and 
supraaortic trunk, described the most significant ocular findings, such as the accumulation 
of lipids in the choroid, retinal disorganization, and lipid keratopathy. With respect to the 
retinal macroglia, the synthesis of the apoE by the Müller cells, its subsequent secretion in 
vitro, and its being taken up by the axons and transported by the optic nerve enabled the 
detection of apoE in the latter geniculate body and in the superior colliculus [13]. 

Studies with electron microscopy on hypercholesterolaemic rabbits have revealed 
hypercellularity and optically empty spaces in the corneal stroma. These optically empty 
spaces, with an elongated or needle shape, were previously occupied by crystals of 
cholesterol monohydrate or crystals of cholesterol esters [146]. In other studies, the analysis 
in the form adopted for the crystallizations of the different types of lipids revealed that the 
needles corresponded to esterified cholesterol, and the short, thin ones to triglycerides [134]. 
Both crystallizations appear to be associated with other components such as collagen.  

It had been recently reported that hypercholesterolaemic rabbis had a build-up of lipids 
(foam cells and cholesterol clefts) mainly at the suprachoroidea and to a lesser extent at the 
choroidal vascular layers. This lipids compressed the choroidal vessels and causes 
hypertrophy of the vascular endothelial- and vascular smooth-muscle cells. The 
ultrastructural analysis of these vascular structures demonstrated numerous sings of 
necrosis and a severe damage of the cytoplasmic organelles and caveolar system [16,147]. 

Recently, it has been reported that in comparison with normal control animals, 
hypercholesterolaemic rabbits had a reduction of the amplitudes of the first negative peak of 
the visually evoked potentials, the density of the RGCs, and the thickness of the INL and 
photoreceptor-cell layer. Additionally, the immunoreactivity to eNOS was reduced and 
increased to iNOSs.  Enhanced activity of iNOS in hypercholesterolaemic rabbits might be 
involved in impaired visual function and retinal histology. Downregulation of eNOS 
activity might be one of the causes for impairment of the autoregulation [148]. 

The formation of foam cells is a consequence of phagocytes from the macrophage-oxidized 
LDL [16], with the retention of cholesterol in the vascular wall and the activation of ACAT 
(acetyl-cholesterol-acyl-transferase) [149], this point being key to the role of macrophages in 
the progression or regression of the lesions [134].  

Watanabe 

The Watanabe heritable hyperlipidaemic (WHHL) rabbit is an animal model for 
hypercholesterolaemia due to genetic defects in LDL receptors [150] and a lipoprotein 
metabolism very similar to that of humans [150,151]. These features make WHHL rabbits a 
true model of human familial hypercholesterolaemia. The first paper on the WHHL rabbit 
was published in 1980 [152]. The original WHHL rabbits had a very low incidence of 
coronary atherosclerosis and did not develop myocardial infarction. Several years of 
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selective breeding led to the development of coronary atherosclerosis-prone WHHL rabbits, 
which showed metabolic syndrome-like features, and myocardial infarction-prone 
WHHLMI rabbits. WHHL rabbits have been used in studies of several compounds with 
hypocholesterolaemic and/or anti-atherosclerotic effects with special relevance for statins 
[151]. Recently, WHHLMI rabbits have been used in studies of the imaging of 
atherosclerotic lesions by MRI [153], PET [154] and intravascular ultrasound [155]. 

5. Hypercholesterolemia induced ultrastructural changes in the Bruch’s 
membrane-retinal complex 

Few experimental studies examine the effects of hypercholesterolaemia on the posterior 
segment of the eye [14,15,145,156-158]. Hypercholesterolaemic rabbits constitute a useful 
model to delve into the repercussions of excess lipids at the ocular level. Rabbits fed a 0.5% 
cholesterol-enriched diet for 8 months showed a statistical increase in total serum 
cholesterol [15,16,147,158,159]. In these animals, the hypercholesterolaemia caused 
numerous changes in the Bruch’s membrane-retinal complex. Bruch’s membrane was 
thicker than in normal animals (Figure 3A,B) due to the build-up of electrodense and 
electrolucent particles (Figure 3B) in the inner and outer collagenous layers [15]. As in 
hypercholesterolaemic animals, thickening and lipid accumulation in Bruch’s membrane has 
been described in human AMD [160,161]. These deposits of lipids or lipid-rich material 
could add resistance to the flow of solutes and water through the Bruch’s membrane-RPE 
complex, as demonstrated by the studies that have measured the hydraulic conductivity of 
isolated Bruch’s membranes [162,163]. The local metabolism and transport of cholesterol, 
impaired in hypercholesterolaemic rabbits as a result of a thickened Bruch’s membrane with 
changes in its collagenous layers, could play an important role in the contribution of lipids 
required for retinal neurons to maintain and remodel their membranes. 

The cholesterol source for RPE and photoreceptors are the plasma lipids. Given that there is 
no direct contact between the photoreceptors and the choroidal circulation, adjacent cell 
types (RPE cells and Müller cells) must facilitate the transfer of lipids to the photoreceptors. 
In fact, the expression of native receptors for LDL on RPE cells has been reported [12,164]; 
this could be related to local production of apoE by RPE cells. An abnormal metabolism of 
lipids secondary to a cholesterol-enriched diet and/or apoE deficiencies could upset the 
cholesterol balance in RPE and photoreceptors. This could be the situation in 
hypercholesterolaemic rabbits in which ERP changes have been reported [15]. In this 
experimental model, RPE showed numerous hypertrophic cells and some nuclei were 
absent. The cytoplasm of these cells showed numerous dense bodies, debris from cell 
membranes, and numerous clumps of lipids (Figure 4B) filling the cytoplasm and replacing 
the nucleus and organelles that could be contributing to the hypertrophy and degeneration 
of the RPE [15]. Additionally, the basal zone of some RPE cells revealed autophagic vesicles, 
vacuoles, electrodense deposits, and debris from cell membranes [15] that could correspond 
to the laminar deposits described by [165] (Figure 4B). As in human AMD, changes of RPE 
could contribute to the degeneration of the photoreceptors [164] whose metabolism depends 
on normal RPE function and integrity [15,166].  
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(acetyl-cholesterol-acyl-transferase) [149], this point being key to the role of macrophages in 
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Watanabe 
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metabolism very similar to that of humans [150,151]. These features make WHHL rabbits a 
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selective breeding led to the development of coronary atherosclerosis-prone WHHL rabbits, 
which showed metabolic syndrome-like features, and myocardial infarction-prone 
WHHLMI rabbits. WHHL rabbits have been used in studies of several compounds with 
hypocholesterolaemic and/or anti-atherosclerotic effects with special relevance for statins 
[151]. Recently, WHHLMI rabbits have been used in studies of the imaging of 
atherosclerotic lesions by MRI [153], PET [154] and intravascular ultrasound [155]. 

5. Hypercholesterolemia induced ultrastructural changes in the Bruch’s 
membrane-retinal complex 

Few experimental studies examine the effects of hypercholesterolaemia on the posterior 
segment of the eye [14,15,145,156-158]. Hypercholesterolaemic rabbits constitute a useful 
model to delve into the repercussions of excess lipids at the ocular level. Rabbits fed a 0.5% 
cholesterol-enriched diet for 8 months showed a statistical increase in total serum 
cholesterol [15,16,147,158,159]. In these animals, the hypercholesterolaemia caused 
numerous changes in the Bruch’s membrane-retinal complex. Bruch’s membrane was 
thicker than in normal animals (Figure 3A,B) due to the build-up of electrodense and 
electrolucent particles (Figure 3B) in the inner and outer collagenous layers [15]. As in 
hypercholesterolaemic animals, thickening and lipid accumulation in Bruch’s membrane has 
been described in human AMD [160,161]. These deposits of lipids or lipid-rich material 
could add resistance to the flow of solutes and water through the Bruch’s membrane-RPE 
complex, as demonstrated by the studies that have measured the hydraulic conductivity of 
isolated Bruch’s membranes [162,163]. The local metabolism and transport of cholesterol, 
impaired in hypercholesterolaemic rabbits as a result of a thickened Bruch’s membrane with 
changes in its collagenous layers, could play an important role in the contribution of lipids 
required for retinal neurons to maintain and remodel their membranes. 

The cholesterol source for RPE and photoreceptors are the plasma lipids. Given that there is 
no direct contact between the photoreceptors and the choroidal circulation, adjacent cell 
types (RPE cells and Müller cells) must facilitate the transfer of lipids to the photoreceptors. 
In fact, the expression of native receptors for LDL on RPE cells has been reported [12,164]; 
this could be related to local production of apoE by RPE cells. An abnormal metabolism of 
lipids secondary to a cholesterol-enriched diet and/or apoE deficiencies could upset the 
cholesterol balance in RPE and photoreceptors. This could be the situation in 
hypercholesterolaemic rabbits in which ERP changes have been reported [15]. In this 
experimental model, RPE showed numerous hypertrophic cells and some nuclei were 
absent. The cytoplasm of these cells showed numerous dense bodies, debris from cell 
membranes, and numerous clumps of lipids (Figure 4B) filling the cytoplasm and replacing 
the nucleus and organelles that could be contributing to the hypertrophy and degeneration 
of the RPE [15]. Additionally, the basal zone of some RPE cells revealed autophagic vesicles, 
vacuoles, electrodense deposits, and debris from cell membranes [15] that could correspond 
to the laminar deposits described by [165] (Figure 4B). As in human AMD, changes of RPE 
could contribute to the degeneration of the photoreceptors [164] whose metabolism depends 
on normal RPE function and integrity [15,166].  
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Figure 3. Transmission electron microscopy of Bruch’s membrane and choriocapillaris. A: Control 
rabbit. B: Hypercholesterolaemic rabbit. Electrodense (black arrowhead) and electroluminescent (white 
arrowhead) particles at the inner collagenous layer Modified from Triviño et al. [15]). C: Reverted 
rabbit. Bruch’s membrane with electrodense particles (black arrowheads) at the outer collagenous layer. 
[Bruch’s membrane (BM); choriocapillaris (CC); retinal pigment epithelium (RPE); inner collagenous 
layer (ICL); elastic layer (E); outer collagenous layer (OCL); endothelial cell (EC)]. (Modified from 
Ramírez et al. [158]) 
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Figure 4. Transmission electron microscopy of Bruch’s membrane and retinal pigment epithelium cells 
(RPE). A: Choriocapillaris - Bruch’s membrane - RPE complex from control rabbit. Detail of Bruch’s 
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membrane (insert) showing the outer collagenous layer, elastic layer and inner collagenous layer. B: The 
cytoplasm of RPE cell in hypercholesterolaemic rabbit shows dense bodies (white arrows), debris from 
cell membranes (*) and droplets of lipids. The apical microvilli have disappeared and the basal infolding 
forms lamellar structures (black arrow). C: RPE cells in reverted rabbit. Few lipids, dense bodies (white 
arrows) and some lamellar structures are visible in the cytoplasm. [Choriocapillaris (CC); retinal pigment 
epithelium (RPE); Bruch’s membrane (BM); inner collagenous layer (ICL); elastic layer (E); outer 
collagenous layer (OCL); lipids (L)]. (Modified from Ramírez et al. [158] and Triviño et al. [15]). 

 
 
 
 
 

 
 
 
 

Figure 5. Retinal semi-thin sections (light microscopy). Retinal-layer changes. A: Control rabbit. 
B: Hypercholesterolaemic rabbit. C: Reverted rabbit. The figure illustrates the overall thinning of the 
retinal layers in hypercholesterolaemic and reverted animals with respect to control. The empty spaces 
(arrows) secondary to cell loss and degeneration observed in hypercholesterolaemic (B) are less evident 
in reverted rabbit (C). [Ganglion-cell layer (GCL); inner nuclear layer (INL); inner plexiform layer (IPL); 
inner limiting membrane (ILM); nerve-fibre layer (NFL); outer nuclear layer (ONL); outer plexiform 
layer (OPL); photoreceptor layer (RL)]. (Modified from Ramírez et al. [158]). 

The nutrition of the outer retina depends on the integrity of the choriocapillaris vessels and 
on the diffusion of plasma through the Bruch’s membrane-RPE complex. The alterations in 
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the endothelium of the choriocapillaris and the build-up of lipids (hydrophobic barrier) 
detected in the Bruch’s membrane-RPE complex of hypercholesterolaemic rabbits [15] could 
interfere with oxygen and nutrient transportation, leading to an ischaemic state [30].  

The conditions of hypoxia-ischaemia lead to higher glutamate levels in the extracellular fluid, 
and thereby could cause oxidative damage by excitotoxic mechanisms in the neurons [21,22]. In 
hypercholesterolaemic rabbits, neurosensory retinal changes were detected (Figure 5A,B) [15].  

These changes were not uniformly distributed throughout the retina, being more intense in 
the retinal areas overlying the most altered RPE cells. In these areas, the photoreceptor discs 
were mostly absent. The thickness of the retinal layers (ONL, OPL, INL, IPL, GCL and NFL) 
were reduced (Figure 5B) and empty spaces were visible at different retinal levels that 
consisted of different stages of cell degeneration due to necrosis and apoptosis (Figure 
6A,7A,B). In necrotic cells, the nucleoplasm, cytoplasm, and cytoplasmic organelles 
underwent progressive hydropic degeneration (swelling, vacuolization, and disappearance 
of specific ultrastructural features) (Figure 6A). The nuclear and cytoplasm membranes 
ruptured and released their contents into the intercellular space (Figure 6A). The remains 
were taken up and absorbed by neighbouring cells –essentially Müller cells (Figure 6A,7A) 
and astrocytes -, the latter only in the NFL. The apoptotic cells showed progressive 
condensation and shrinkage of the nucleoplasm and cytoplasm (Figure 7A,B). Cells in more 
advanced stages of apoptosis shed part of their substance, which was observed as dense 
inclusion bodies in neighbouring cells (Figure 6A,7A). The compact bodies appeared 
surrounded by or engulfed in Müller cells and astrocytes [15,158]. 

Changes found in the nuclear layers of the retina of hypercholesterolaemic rabbits resemble 
those described in human AMD [74]. As in human AMD, hypercholesterolaemic rabbits 
exhibited a loss of ganglion cells and had cell features of apoptosis and necrosis as well as 
electrodense inclusions (probably lipofuscin) in the cytoplasm of this cell type (Figure 7B). 
This ganglion-cell loss could be caused, at least partly, by a local disruption of cholesterol 
homeostasis [14]. A reduced population of ganglion cells could secondarily impair the 
neurotrophic support of the retinal neurons as a consequence of reduced secretion of brain-
derived neurotrophic factor (BDNF) by ganglion cells. This scenario is feasible, given that 
amacrine cells express the TrkB receptor for BDNF [17] and that BDNF improves the 
survival of bipolar cells upon activation of the p75 receptor, which then induces the 
secretion of fibroblast growth factor b (bFGF) [167]. The situations described could 
contribute to the axon loss observed in hypercholesterolaemic rabbits [158]; this loss 
parallels human AMD, in which a considerable axonal degeneration has been reported [74]. 

In hypercholesterolaemic rabbits, the capillaries in the NFL and in the vitreous humour had 
a thickening of the basal membrane, dense bodies, and cytoplasm vacuoles (Figure 8A,B). 
These alterations have also been reported in hypercholesterolaemic rats [156].  

In summary, the thickening of the basal membrane together with the alterations of the 
endothelial cells of the intraretinal and epiretinal capillaries, combined with the changes in 
Bruch’s membrane and the build-up of lipids in the outer retina, could contribute to a 
situation of chronic ischaemia observed in the retina of hypercholesterolaemic rabbits.  
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the retinal areas overlying the most altered RPE cells. In these areas, the photoreceptor discs 
were mostly absent. The thickness of the retinal layers (ONL, OPL, INL, IPL, GCL and NFL) 
were reduced (Figure 5B) and empty spaces were visible at different retinal levels that 
consisted of different stages of cell degeneration due to necrosis and apoptosis (Figure 
6A,7A,B). In necrotic cells, the nucleoplasm, cytoplasm, and cytoplasmic organelles 
underwent progressive hydropic degeneration (swelling, vacuolization, and disappearance 
of specific ultrastructural features) (Figure 6A). The nuclear and cytoplasm membranes 
ruptured and released their contents into the intercellular space (Figure 6A). The remains 
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and astrocytes -, the latter only in the NFL. The apoptotic cells showed progressive 
condensation and shrinkage of the nucleoplasm and cytoplasm (Figure 7A,B). Cells in more 
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electrodense inclusions (probably lipofuscin) in the cytoplasm of this cell type (Figure 7B). 
This ganglion-cell loss could be caused, at least partly, by a local disruption of cholesterol 
homeostasis [14]. A reduced population of ganglion cells could secondarily impair the 
neurotrophic support of the retinal neurons as a consequence of reduced secretion of brain-
derived neurotrophic factor (BDNF) by ganglion cells. This scenario is feasible, given that 
amacrine cells express the TrkB receptor for BDNF [17] and that BDNF improves the 
survival of bipolar cells upon activation of the p75 receptor, which then induces the 
secretion of fibroblast growth factor b (bFGF) [167]. The situations described could 
contribute to the axon loss observed in hypercholesterolaemic rabbits [158]; this loss 
parallels human AMD, in which a considerable axonal degeneration has been reported [74]. 

In hypercholesterolaemic rabbits, the capillaries in the NFL and in the vitreous humour had 
a thickening of the basal membrane, dense bodies, and cytoplasm vacuoles (Figure 8A,B). 
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Bruch’s membrane and the build-up of lipids in the outer retina, could contribute to a 
situation of chronic ischaemia observed in the retina of hypercholesterolaemic rabbits.  
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Figure 6. Ultrastructural retinal changes in outer nuclear layer and outer plexiform layer. 
A: Hypercholesterolaemic rabbit. Numerous dense bodies (black arrows) and empty spaces (*) are 
visible in these layers. The processes of Müller cells fill the empty spaces left by degenerated cells. 
Insert: at greater magnification the empty spaces consist of degenerated cytoplasm with numerous 
dense bodies (black arrow) and cell debris (black arrowhead). B: Reverted rabbit. Apoptosis (white 
arrows) and necrosis (black arrows) of photoreceptors are visible in the ONL. [Müller cells (M); inner 
nuclear layer (INL); inner plexiform layer (IPL); outer nuclear layer (ONL); outer plexiform layer 
(OPL)]. (Modified from Ramírez et al. [158] and Triviño et al. [15]). 
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Figure 7. Ultrastructural retinal changes in inner nuclear layer and ganglion-cell layer. 
A-B: Hypercholesterolaemic rabbit. A: Cells in apoptosis (white arrows) in the inner nuclear layer. Dense 
bodies (black arrows) inside the Müller cell processes. B: Apoptosis (white arrow) in the ganglion-cell 
layer. Cell debris (black arrowheads) and dense bodies (black arrow). [Müller cell (M); axon (ax); 
ganglion cell (GC)]. C-D: Reverted rabbit. C: Cell necrosis (black arrow) in the inner nuclear layer. 
D: Ganglion cell in advanced stage of necrosis. (Modified from Ramírez et al. [158] and Triviño et al. [15]) 

 
Figure 8. Transmission electron microscopy of capillaries in the vitreous humour. A: Control rabbit. 
B: Hypercholesterolaemic rabbit. The basal membrane is thickened with respect the control. C: Reverted 
rabbit. The basal membrane is thicker than control and cholesterol animals. Necrotic features 
(arrowhead) are visible in some endothelial cells. [Basal membrane (bm); capillary (cap); endothelial cell 
(E); glial tuft (GT); pericyte (P); vitreous humour (V); dense bodies (black arrows); retina (R); vascular 
lumen (L); astrocyte (A)]. (Modified from Ramírez et al. [158] and Triviño et al. [15]) 
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6. Hypercholesterolaemia-induced changes in the retinal macroglia 

An abnormal metabolism of lipids secondary to a cholesterol-enriched diet and/or apoE 
deficiencies could upset the cholesterol balance in the retinal layers, as mentioned above. 
However, it appears that other retinal components can produce heterogeneous particles 
locally containing apoE [13]. These particles are synthesised mainly by Müller cells, 
although astrocytes associated with ganglion cells axons could be involved in their 
production [13]. Müller cells are radially oriented cells that along their course, extend 
branches that interdigitate with every type of retinal neuron, with other types of glia (Figure 
2A), and with the blood vessels of vascularized retinas [168]. Its participation in the 
cholesterol metabolism (supplying heterogeneous lipoprotein particles and apoE) and 
transport (due to its anatomical position in the retina) determines its importance as a source 
of the lipids needed by neurons for maintaining and restructuring their cell membranes 
[13,168]. 

 
Figure 9. Transmission electron microscopy of retinal astrocytes and Müller cells. 
A: Hypercholesterolaemic rabbit. Three nuclei of Müller cells displaced to the nerve-fibre layer. One of 
the Müller cells participates in the formation of the inner limiting membrane (white asterisk). Astrocytes 
in advanced stage of necrosis (black asterisk). B: Reverted rabbit. The empty spaces left by degenerated 
axons in the medullated nerve-fibre region are occupied only by the Müller cells in the retinal 
periphery. [Axon (ax); basal membrane of the ILM (bm); Müller cell (M); vitreous humour (V)]. 
(Modified from Ramírez et al. [158] and Triviño et al. [15]). 

In situations of sustained hypercholesterolaemia, alterations of lipid metabolism could take 
place, potentially influencing the glial response. In fact, in hypercholesterolaemic rabbits 
Müller cells were reactive, exhibiting large amounts of rough endoplasmic reticulum and 
abundant glial filaments in their cytoplasm (Figure 9A), manifested by a more intense 
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immunoreaction to GFAP (Figure 10H) [158]. Normally, GFAP is expressed at a low level or 
is not detectable in mammalian Müller cells (Figure 10G). In pathological situations, the 
major intermediate filament expressed by reactive Müller cells appears to be GFAP. The loss 
of retinal integrity as a result of mechanical injury, detachment, photoreceptor degeneration 
or glaucoma (Figure 2A) provokes intense GFAP immunoreactivity in Müller cells and 
increases the GFAP content of the retina [39,91,169-171]. This over-expression of GFAP is 
due to the activation of the transcriptional gene for GFAP in Müller cells [168]. Additionally, 
Müller cell reactivity transduces an increase in cell metabolism [168]. 

Another consequence of the reactivity of Müller cells is their capacity to form glial scars, 
most probably in an attempt to restore the blood-retinal barrier [172]. These scars, formed by 
hypertrophic cells in which the nuclei were displaced to the NFL, were detected in 
hypercholesterolaemic rabbits (Figure 9A). In addition, hypertrophic Müller cells occupied 
some of the empty spaces left by degenerated neurons in the INL, ONL, IPL, and NFL 
(Figure 6A) [15,158,173]. This type of cell response, which has also been described in human 
AMD [74] resembles that following photoceptor degeneration, which induces the processes 
of Müller cells to extend into and fill the empty spaces [168]. Another similarity between 
human AMD and experimental hypercholesterolaemia are the ultrastructural changes 
affecting the outer and inner retina. In both instances, the bodies of Müller cells are 
displaced from the INL to the vitreous in the case of human AMD [74] and to the NFL and 
ILM in hypercholesterolaemic rabbits [15,158]. It is possible that in both situations Müller 
cells migrate in an attempt to reach the metabolic reserve in the vitreous. This could be an 
adaptive system for transporting nutrients and energy substrates to those areas of the retina 
exposed to the chronic ischaemic insult.  

Like Müller cells, astrocytes are related to apoE secretion [174,175], making these cells susceptible 
to alteration in long-term hypercholesterolaemia. Müller cells and astrocytes are intermediate 
between neurons and vessels; they are located on the basal membrane of capillaries separating 
them from neurons [37,82,95,168]. The thickening of the basal membrane and the presence of 
dense bodies and vacuoles in the endothelial cytoplasm of the retinal blood vessel in 
hypercholesterolaemic rabbits (Figure 8A) [15] could indicate impaired transport of oxygen and 
nutrients to the retinal tissue as well as the removal of cellular debris, thus contributing to a 
situation of chronic ischaemia [20] in the inner retina. It is known that astrocytes protect neurons 
from ischaemia by different mechanisms: they remove excitotoxic neurotransmitters and ions 
from the perineural space, doing so partly by glutamine synthetase, which also provides 
glutamine to neurons ([176,177]. In addition, astrocytes store glycogen, have the potential to 
provide lactate, and produce growth factors as well as cytokines [23]. Moreover, it has been 
shown that astrocytes are more resistant to oxidative damage because they possess antioxidant 
mechanisms such as high concentrations of reduced glutathione and vitamin C [21]. Therefore, a 
reduction in the protective function of astrocytes could contribute to neural dysfunction.  

Differences between rabbit and human retinas and astrocytes must be taken into account 
when comparing the two species [38,41,42,82]. The rabbit retina has epiretinal vascularization 
and possesses perivascular astrocytes which are absent in humans. However, in both species, 
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Differences between rabbit and human retinas and astrocytes must be taken into account 
when comparing the two species [38,41,42,82]. The rabbit retina has epiretinal vascularization 
and possesses perivascular astrocytes which are absent in humans. However, in both species, 
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astrocytes are located at the NFL and GCL. The rabbit retina had two main groups of 
astrocytes:  astrocytes associated with the nerve-fibre bundles (Figure 10A) and perivascular 
astrocytes (type I and type II) (Figure 10A,D), associated with the vitreous blood vessels [40].  

As mentioned above, astrocytes are essential for the maintenance of neural homeostasis, and 
their susceptibility to alteration in long-term hypercholesterolaemia has been reported [15]. 
Thus, in hypercholesterolaemic rabbits, all retinal types of astrocytes were reactive, having large 
amounts of rough endoplasmic reticulum and upregulation of GFAP immunoreactivity (Figure 
10B,E,H). The altered lipid homeostasis, in conjunction with increased astrocyte activity, could 
explain the build-up of electrodense particles, probably lipofuscin and lipids, found in their 
cytoplasm. The exposure of these electrodense particles to light and high oxygen concentrations 
provide ideal conditions for the formation of reactive oxygen species that damage cellular 
proteins and lipid membranes [178], a situation that could impair the mechanism of protection 
from ischaemia. If we add to this the higher concentrations of extracellular toxic substances (e.g. 
glutamate) which could damage the neurons by cytotoxic mechanisms [21,22], the possibilities 
of keeping the cellular machinery intact against ischaemia diminish in favour of neuronal death. 
All the above-mentioned conditions could contribute to macroglial swelling and subsequent 
breakdown of intermediate filaments (loss of GFAP staining) and ultimately macroglial death 
[23]. In fact, hypercholesterolaemic rabbits showed apoptosis and necrosis affecting Müller cells 
and astrocytes (Figure 7B,9A), resulting in a statistically significant loss of all types of astrocytes 
in comparison with control animals (Figure 10A,B, 11) [15].  

In summary, long-term hypercholesterolaemia lowers the astrocyte number and their 
antioxidant activity as well as the capability to remove glutamate from the extracellular 
space; it may also contribute to neuronal dysfunction [15,158]. The reactivation and 
migration of retinal Müller cells may be reflecting an adaptive system to supply nutrients to 
those areas of the retina exposed to the chronic ischaemia generated by the hyperlipidaemia.  

7. Changes in Bruch’s membrane retinal complex after the normalization 
of hypercholesterol levels 

It has been established that the atherosclerotic lesions can undergo regression in 
experimental animals such as rabbits, dogs, and non-human primates [179]; and the lack of 
progression or even regression can occur in humans, especially with the introduction of new 
therapeutic options [180].  

Animal models are useful for studying lesion regression after the normalization of cholesterol 
serum values. When high levels of cholesterol are withdrawn from the diet, rabbits recover 
some of the biochemical and histological parameters altered in cholesterol-fed animals [16,181]. 
Serum concentration of total cholesterol, triglycerides, phospholipids, VLDL, HDL, LDL, and 
intermediate-density lipoprotein (IDL) have reported to increase in rabbits fed with a 0.5% 
cholesterol-enriched diet for eight months. When the same animals are then fed a standard diet 
for another 6 months, (reverted rabbits), lipid values returned to normal [158]. Notably, the 
normalization of serum values was not followed by a complete recovery of the thoracic aorta, 
choroid [16], or histology of the retina (Figure 5C) [158]. Specifically, in reverted rabbits, Bruch’s 
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membrane (Figure 3C) and RPE alterations (Figure 4C) were still present although to a lesser 
extent than in hypercholesterolaemic animals (Figure 3B, 4B). Bruch’s membrane was thicker in 
some areas due to collagenous and electrodense material in the outer collagenous layer (Figure 
3C). This contrasted with the observations in hypercholesterolaemic rabbits in which the thicker 
Bruch’s membrane resulted from the build-up of electrodense and electrolucent particles, 
mainly at the inner collagenous layer (Figure 3B) [15]. The cytoplasm of RPE cells contained a 
considerably lower quantity of lipids in reverted animals (Figure 4C), although in some 
instances the lamellar structures (the plasma membrane of basal infolding back on itself) 
described in hypercholesterolaemic rabbits were also seen. This partial structural recovery 
could improve the diffusion of nutrients from the choriocapillaris and removal of cell debris 
from RPE, thus exerting a possible effect on the retina. However, reverted rabbits retained 
features observed in hypercholesterolaemic animals, such as an apparent decrease in retinal 
thickening (Figure 5C), intense cell degeneration due to necrosis and apoptosis in the ONL, 
INL, and GCL and axonal degeneration at the NFL (Figure 6B, 7CD). The empty spaces 
following neuronal death observed in hypercholesterolaemic animals were occupied by Müller 
cells (in OPL, IPL, NFL) and by astrocytes (in NFL) in reverted rabbits (Figure 6A) [158]. 

It bears mentioning that the retinal vessel in reverted rabbits showed greater damage than in 
hypercholesterolaemic animals such as: thickening of the basal membrane with numerous 
dense bodies, necrosis of endothelial cells, hypertrophy of the muscle layer, and increase in the 
collagen tissue of the adventitia (Figure 8C) [158]. The maintenance of retinal damage 
observed in reverted animals could be at least partly due to the greater alterations of retinal 
vessels and the persistence of the choriocapillaris alterations [16]. The vascular retinal 
alterations, which extended from the endothelium to the adventitia, could contribute to sustain 
an ischaemic situation despite the diet-induced normalization of lipid levels. Another factor 
that could contribute to the maintenance of retinal damage would be the role of Müller cells in 
neuronal swelling and apoptosis. During ischaemia, over-excitation of ionotropic glutamate 
receptors not only leads to neuron depolarization, which causes excess Ca2+ influx into the 
cells, but also activates the apoptosis machinery. The ion fluxes in the retinal neurons, 
associated with water movements that are mediated by aquaporin-4 water channels expressed 
by Müller cells, can result in neuronal swelling [182]. Thus, during ischaemic episodes in the 
rabbit retina, the plexiform layers and the cytoplasm of neurons become oedematous.  

In summary, normalization of the lipid level is not followed by a complete normalization of 
the retinal histology. The remaining changes in the retina are due mainly to the sustained 
chronic ischaemia caused by the alterations in the retinal vessel, Bruch’s membrane, and 
RPE. Such ischaemic situations exert a detrimental impact on the neurons of the different 
layers of the retina.  

8. Changes in the retinal macroglia after normalization of 
hypercholesterol levels 

As described for the Bruch’s membrane-retinal complex, the normalization of the blood-
lipid levels by the substitution of 8 months of a hypercholesterolaemic diet by 6 months of a 
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astrocytes are located at the NFL and GCL. The rabbit retina had two main groups of 
astrocytes:  astrocytes associated with the nerve-fibre bundles (Figure 10A) and perivascular 
astrocytes (type I and type II) (Figure 10A,D), associated with the vitreous blood vessels [40].  

As mentioned above, astrocytes are essential for the maintenance of neural homeostasis, and 
their susceptibility to alteration in long-term hypercholesterolaemia has been reported [15]. 
Thus, in hypercholesterolaemic rabbits, all retinal types of astrocytes were reactive, having large 
amounts of rough endoplasmic reticulum and upregulation of GFAP immunoreactivity (Figure 
10B,E,H). The altered lipid homeostasis, in conjunction with increased astrocyte activity, could 
explain the build-up of electrodense particles, probably lipofuscin and lipids, found in their 
cytoplasm. The exposure of these electrodense particles to light and high oxygen concentrations 
provide ideal conditions for the formation of reactive oxygen species that damage cellular 
proteins and lipid membranes [178], a situation that could impair the mechanism of protection 
from ischaemia. If we add to this the higher concentrations of extracellular toxic substances (e.g. 
glutamate) which could damage the neurons by cytotoxic mechanisms [21,22], the possibilities 
of keeping the cellular machinery intact against ischaemia diminish in favour of neuronal death. 
All the above-mentioned conditions could contribute to macroglial swelling and subsequent 
breakdown of intermediate filaments (loss of GFAP staining) and ultimately macroglial death 
[23]. In fact, hypercholesterolaemic rabbits showed apoptosis and necrosis affecting Müller cells 
and astrocytes (Figure 7B,9A), resulting in a statistically significant loss of all types of astrocytes 
in comparison with control animals (Figure 10A,B, 11) [15].  

In summary, long-term hypercholesterolaemia lowers the astrocyte number and their 
antioxidant activity as well as the capability to remove glutamate from the extracellular 
space; it may also contribute to neuronal dysfunction [15,158]. The reactivation and 
migration of retinal Müller cells may be reflecting an adaptive system to supply nutrients to 
those areas of the retina exposed to the chronic ischaemia generated by the hyperlipidaemia.  

7. Changes in Bruch’s membrane retinal complex after the normalization 
of hypercholesterol levels 

It has been established that the atherosclerotic lesions can undergo regression in 
experimental animals such as rabbits, dogs, and non-human primates [179]; and the lack of 
progression or even regression can occur in humans, especially with the introduction of new 
therapeutic options [180].  

Animal models are useful for studying lesion regression after the normalization of cholesterol 
serum values. When high levels of cholesterol are withdrawn from the diet, rabbits recover 
some of the biochemical and histological parameters altered in cholesterol-fed animals [16,181]. 
Serum concentration of total cholesterol, triglycerides, phospholipids, VLDL, HDL, LDL, and 
intermediate-density lipoprotein (IDL) have reported to increase in rabbits fed with a 0.5% 
cholesterol-enriched diet for eight months. When the same animals are then fed a standard diet 
for another 6 months, (reverted rabbits), lipid values returned to normal [158]. Notably, the 
normalization of serum values was not followed by a complete recovery of the thoracic aorta, 
choroid [16], or histology of the retina (Figure 5C) [158]. Specifically, in reverted rabbits, Bruch’s 
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membrane (Figure 3C) and RPE alterations (Figure 4C) were still present although to a lesser 
extent than in hypercholesterolaemic animals (Figure 3B, 4B). Bruch’s membrane was thicker in 
some areas due to collagenous and electrodense material in the outer collagenous layer (Figure 
3C). This contrasted with the observations in hypercholesterolaemic rabbits in which the thicker 
Bruch’s membrane resulted from the build-up of electrodense and electrolucent particles, 
mainly at the inner collagenous layer (Figure 3B) [15]. The cytoplasm of RPE cells contained a 
considerably lower quantity of lipids in reverted animals (Figure 4C), although in some 
instances the lamellar structures (the plasma membrane of basal infolding back on itself) 
described in hypercholesterolaemic rabbits were also seen. This partial structural recovery 
could improve the diffusion of nutrients from the choriocapillaris and removal of cell debris 
from RPE, thus exerting a possible effect on the retina. However, reverted rabbits retained 
features observed in hypercholesterolaemic animals, such as an apparent decrease in retinal 
thickening (Figure 5C), intense cell degeneration due to necrosis and apoptosis in the ONL, 
INL, and GCL and axonal degeneration at the NFL (Figure 6B, 7CD). The empty spaces 
following neuronal death observed in hypercholesterolaemic animals were occupied by Müller 
cells (in OPL, IPL, NFL) and by astrocytes (in NFL) in reverted rabbits (Figure 6A) [158]. 

It bears mentioning that the retinal vessel in reverted rabbits showed greater damage than in 
hypercholesterolaemic animals such as: thickening of the basal membrane with numerous 
dense bodies, necrosis of endothelial cells, hypertrophy of the muscle layer, and increase in the 
collagen tissue of the adventitia (Figure 8C) [158]. The maintenance of retinal damage 
observed in reverted animals could be at least partly due to the greater alterations of retinal 
vessels and the persistence of the choriocapillaris alterations [16]. The vascular retinal 
alterations, which extended from the endothelium to the adventitia, could contribute to sustain 
an ischaemic situation despite the diet-induced normalization of lipid levels. Another factor 
that could contribute to the maintenance of retinal damage would be the role of Müller cells in 
neuronal swelling and apoptosis. During ischaemia, over-excitation of ionotropic glutamate 
receptors not only leads to neuron depolarization, which causes excess Ca2+ influx into the 
cells, but also activates the apoptosis machinery. The ion fluxes in the retinal neurons, 
associated with water movements that are mediated by aquaporin-4 water channels expressed 
by Müller cells, can result in neuronal swelling [182]. Thus, during ischaemic episodes in the 
rabbit retina, the plexiform layers and the cytoplasm of neurons become oedematous.  

In summary, normalization of the lipid level is not followed by a complete normalization of 
the retinal histology. The remaining changes in the retina are due mainly to the sustained 
chronic ischaemia caused by the alterations in the retinal vessel, Bruch’s membrane, and 
RPE. Such ischaemic situations exert a detrimental impact on the neurons of the different 
layers of the retina.  

8. Changes in the retinal macroglia after normalization of 
hypercholesterol levels 

As described for the Bruch’s membrane-retinal complex, the normalization of the blood-
lipid levels by the substitution of 8 months of a hypercholesterolaemic diet by 6 months of a 
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standard one, do not reverse the changes in the retinal macroglial population of 
hypercholesterolaemic rabbits [158].  

In reverted animals, Müller cells were hypertrophic and filled up the empty spaces left by 
degenerated neurons and axons (Figure 9B). This hypertrophy could be due to the osmotic 
swelling of Müller cells. A significant correlation between Müller cell hypertrophy and the 
extent of osmotic Müller cell swelling has been reported in rat retina during retinal 
inflammation, suggesting that the alterations of swelling properties is characteristic of 
Müller cell gliosis [183]. It has also been proposed that Müller cell swelling in the post-
ischaemic retina is caused by inflammatory mediators, due to the activation of 
phospholipase A2 by osmotic stress [182]. In both hypercholesterolaemic and reverted 
rabbits, the hyperlipaemic diet could have caused an imbalance in long-chain 
polyunsaturated fatty acids (in the neural retina, these are present mainly in the 
phospholipids of the cell membranes [53]) which could prompt an increase in inflammatory 
elements such as reactive oxygen species from macrophages, TNF-α, IL-1β, IL-6, Natural 
Killer, cytotoxic T lymphocyte activation, and lymphocyte proliferation [51]. Therefore, 
ischaemic and inflammatory processes could trigger Müller cell hypereactivity in 
hypercholesterolaemic animals and reverted rabbits and provoke the hypertrophy and 
swelling of this cell type.   

The astrocytes of reverted rabbits displayed changes with respect to hypercholesterolaemic 
animals. The area occupied by the astrocytes associated with the nerve-fibre bundles was 
significantly lower than in the hypercholesterolaemic group (Figure 10H,I,11). With respect PVA 
(perivascular astrocytes), a striking feature was the absence of type I PVA, thus the intense GFAP 
immunoreactivity found in the retinal blood vessels was due mainly to type II PVA (Figure 
10C,F). The processes of these cells formed a network similar to that exhibited by the type I PVA 
of the normal rabbits [158]. The maintenance of the area occupied by the PVA in reverted animals 
(Figure 11) could be due to the hyperplasia of type II PVA as an attempt to compensate for the 
loss of type I PVA (Figure 10C,F). This cell proliferation is presumably a response to the 
sustained retinal ischaemia undergone by reverted rabbits despite of normalization of cholesterol 
levels. Type II PVA of reverted animals were reactive, hypertrophic, and had an enlargement of 
their cell bodies and processes (Figure 10F) [158]. These features plus the above-mentioned 
hyperplasia are typical changes of glial cells in response to nerve damage [184]. 

The specific function of reactive gliosis is unknown. It has been reported that glial cells 
undergoing reactive gliosis up-regulate the production of cytokines and neurotrophic 
factors which may be crucial for the viability of injured neurons [168]. Additionally, it is 
presumed that reactive gliosis is involved in phagocytosis of debris and in restoring 
breaches in the blood-brain barrier by scar formation [185]. Müller cells and astrocytes from 
hypercholesterolaemic and reverted rabbits had cell debris in their cytoplasm [158]. It has 
been reported that astrocytes [186] as well as Müller cells [187] can exert phagocytic 
functions and that the microglia (the main phagocytic cell of the nervous system) intervene 
only when the build-up of debris in the nervous tissue is abundant [188]. Phagocytosis of 
exogenous particles, cell debris, and hemorrhagic products may be an important scavenging 
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function of Müller cells [168]. It has been suggested that the phagocytic process of these cells 
is similar to that associated with macrophages and that in addition they can function as 
antigen-presenting cells [39,168].   

From the above, it can be concluded that the substitution of a hyperlipaemic diet by a standard 
one in an experimental rabbit model normalizes the blood-lipid levels. However, the 
progressive and irreversible chronic retinal ischaemia secondary to cholesterol-induced changes 
in the choroid [16,147] as well as the retinal blood vessels trigger a sustained reactive gliosis that 
could be exerting neurotrophic, phagocytic or immune-related functions among others.  

 
Figure 10. Immunohistochemistry anti-GFAP in rabbit retinal whole-mount. A-C: Type I perivascular 
astrocytes (PVA). D-F: Type II PVA. G-I: Astrocytes associated with the nerve-fibre bundles (AANFB). 
A, D, G: Control rabbits. B, E, H: Hypercholesterolaemic rabbits. C, F, I: Reverted rabbits. A-C: In 
hypercholesterolaemic animals Type I PVA have a higher GFAP+ immunoreactivity than in control 
animals; these cells are absent from many retinal vessels. In reverted animals a striking feature is the 
absence of type I PVA. D-F: In hypercholesterolaemic animals Type II PVA have higher GFAP 
immunoreactivity, robust cell bodies and thicker processes than in control. In reverted animals the intense 
GFAP+ cells are morphologically similar to the reactive type II PVA of hypercholesterolaemic animals. 
G-I: In hypercholesterolaemic and reverted animals the AANFB show high GFAP+ immunoreactivity, 
robust cell bodies, and thick processes. [Astrocytes cell bodies (arrow); vessel free of type I PVA ( 
arrowhead); GFAP immunorectivity of Müller cells (empty arrow)]. (Modified from Ramírez et al. [158]). 
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standard one, do not reverse the changes in the retinal macroglial population of 
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progressive and irreversible chronic retinal ischaemia secondary to cholesterol-induced changes 
in the choroid [16,147] as well as the retinal blood vessels trigger a sustained reactive gliosis that 
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Figure 11. Area occupied by astrocytes per zone measured (0.1899mm2) in Control, 
hypercholesterolaemic, and reverted animals. (Modified from Ramírez et al. [158]). 

9. Conclusions and perspectives 
Hypercholesterolaemia is a risk factor for the development of chronic ischaemia in the 
retina and therefore for neuronal survival [15,158]. It is now recognized that lipids play a 
key role as structural and signalling molecules. Given that lipid intake is most dependent 
on food composition, the dietary regimen could contribute to induction or prevention of 
retinal diseases.  In relation to this, a pertinent question would be whether or not the 
normalization of the plasma-cholesterol levels could restore the retinal changes that take 
place during hypercholesterolaemia and reverse the chronic ischaemia process generated 
by this situation. The answer to this question seems to be no, since, although it is true that 
the lipid accumulations in the choroid and Bruchs’ membrane are reduced with the 
normalization of the blood-lipid level, some structural changes do not reverse [16,158], 
implying an irreversibly chronic situation and very probably progressive ischaemia in 
retina.  
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1. Introduction 

The primary cilium is a microtubule-based extension of the plasma membrane, which is 
present in almost all cell types. Ciliary microtubules extend from a basal body (or mother 
centriole), which docks at the apical membrane. Elegant studies have been carried out to 
determine the mechanism that regulates the docking of the mother centriole at the 
membrane for cilia formation. Cilia function as antennae of the cell to detect chemical and 
physical changes of the microenvironment [1-5]. Owing to their near-ubiquitous nature, cilia 
are involved in diverse cellular functions, such as patterning of left-right asymmetry (nodal 
cilia), limb development, bone morphogenesis, and neurosensory functions 
(mechanosensation, olfaction, and photoreception). Cilia are also implicated in several 
developmental cascades, such as Wnt signaling, sonic hedgehog signaling, and platelet 
derived growth factor receptor signaling pathways. Such functions of cilia are brought 
about by the ability of the ciliary membrane to concentrate a specific subset of membrane 
proteins in the ciliary compartment as compared to the rest of the cell membrane [6-8].  

Cilia are generated by an elaborate process of formation of multiple protein complexes and 
molecular motor dependent transport of membrane cargo from the proximal to the distal tip, 
thereby extending the microtubule-based axoneme and the ciliary membrane. Such transport, 
called Intraflagellar Transport, was initially identified in green alga Chlamydomonas reinhardtii 
and is composed of more than 20 IFT subunits arranged in two distinct complexes, IFT-A and 
IFT-B [9-10]. They interact with motors and transport cargo along axoneme [11]. Microtubules 
are polarized with a plus end (growing tip), and a minus end (at the proximal end of cilia). The 
anterograde motor Kinesin (heterotrimeric Kinesin-2 or homodimeric Kif17) mobilizes 
proteins to the distal (plus) end while cytoplasmic dynein 2 carries cargos to the proximal end 
of cilia [12-15]. Similarly, IFT-A and IFT-B play complementary roles in ciliary transport. The 
complex B, contributing to anterograde transport, is indispensable for the ciliogenesis and 

© 2012 Li et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



 
Ocular Diseases 42 

[185] Reier PJ. Gliosis following CNS injury: The anatomy of astrocytic scars and their 
influences on axonal elongation. In: Fedoroff S, Vernadakis A, editors. Astrocytes 
Orlando: Academic. Press; 1996. p. 263-324.  

[186] Penfold PL, Provis JM. Cell death in the development of the human retina: 
phagocytosis of pyknotic and apoptotic bodies by retinal cells. Graefe's archive for 
clinical and experimental ophthalmology 1986;224(6) 549-553.  

[187] Mano T, Puro DG. Phagocytosis by human retinal glial cells in culture. Investigative 
Ophthalmology & Visual Science 1990;31(6) 1047-1055.  

[188] Cook RD, Wisniewski HM. The role of oligodendroglia and astroglia in Wallerian 
degeneration of the optic nerve. Brain Research 1973;61 191-206.  

Chapter 2 

 

 

 
 

© 2012 Li et al., licensee InTech. This is an open access chapter distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 

Photoreceptor Sensory Cilium  
and Associated Disorders 

Linjing Li, Ozge Yildiz, Manisha Anand and Hemant Khanna 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/48387 

1. Introduction 

The primary cilium is a microtubule-based extension of the plasma membrane, which is 
present in almost all cell types. Ciliary microtubules extend from a basal body (or mother 
centriole), which docks at the apical membrane. Elegant studies have been carried out to 
determine the mechanism that regulates the docking of the mother centriole at the 
membrane for cilia formation. Cilia function as antennae of the cell to detect chemical and 
physical changes of the microenvironment [1-5]. Owing to their near-ubiquitous nature, cilia 
are involved in diverse cellular functions, such as patterning of left-right asymmetry (nodal 
cilia), limb development, bone morphogenesis, and neurosensory functions 
(mechanosensation, olfaction, and photoreception). Cilia are also implicated in several 
developmental cascades, such as Wnt signaling, sonic hedgehog signaling, and platelet 
derived growth factor receptor signaling pathways. Such functions of cilia are brought 
about by the ability of the ciliary membrane to concentrate a specific subset of membrane 
proteins in the ciliary compartment as compared to the rest of the cell membrane [6-8].  

Cilia are generated by an elaborate process of formation of multiple protein complexes and 
molecular motor dependent transport of membrane cargo from the proximal to the distal tip, 
thereby extending the microtubule-based axoneme and the ciliary membrane. Such transport, 
called Intraflagellar Transport, was initially identified in green alga Chlamydomonas reinhardtii 
and is composed of more than 20 IFT subunits arranged in two distinct complexes, IFT-A and 
IFT-B [9-10]. They interact with motors and transport cargo along axoneme [11]. Microtubules 
are polarized with a plus end (growing tip), and a minus end (at the proximal end of cilia). The 
anterograde motor Kinesin (heterotrimeric Kinesin-2 or homodimeric Kif17) mobilizes 
proteins to the distal (plus) end while cytoplasmic dynein 2 carries cargos to the proximal end 
of cilia [12-15]. Similarly, IFT-A and IFT-B play complementary roles in ciliary transport. The 
complex B, contributing to anterograde transport, is indispensable for the ciliogenesis and 

© 2012 Li et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



 
Ocular Diseases 44 

maintenance.  In contrast, complex A, involved in the retrograde transport, does not play 
essential role in ciliary assembly [11]. Defects in IFT disturb the ciliogenesis or ciliary 
maintenance.  Even slight defects in the composition of the ciliary membrane or in the 
generation and/or maturation of cilia result in developmental and degenerative disorders in 
humans, such as Bardet-Biedl Syndrome (BBS), Joubert Syndrome (JBTS), Meckel-Gruber 
Syndrome (MKS), Senior-Løken Syndrome (SLSN), Usher Syndrome (USH), renal cystic 
diseases, and photoreceptor degeneration and blindness [6-7, 16-18]. 

2. Photoreceptor sensory cilium and its components 

In photoreceptors (rods and cones), cilia are highly specialized and modified into a very 
distinct part of the cell, which consists multiple membranous discs and initiates 
phototransduction cascade in response to light. The details of the phototransduction cascade 
in photoreceptors have been elegantly described elsewhere and will not be covered in this 
chapter.  

There are three major compartments that compose the sensory cilia of photoreceptor: the outer 
segment (OS), transition zone (TZ) and basal body (Figure 1). Like other primary cilia, 
photoreceptor cilia are 9+0 microtubule-based structures that are nucleated from the basal 
body. The mother centriole consists of triplet microtubules and recruits proteins and initiates 
axoneme assembly. The region adjacent to the basal body is TZ (also called connecting cilium; 
CC), and consists of doublet microtubules [19-20]. These microtubules are linked to the plasma 
membrane via transition fibers and Y-linkers, the two distinct structures of TZ [21]. TZ, is a 
narrow conduit between OS and IS [22]. It is estimated to be 200~500 nm long and 170 nm in 
diameter. TZ carries out critical transport function by acting as a gate between the IS and the 
OS. The sensory OS of photoreceptors is enriched in membrane proteins, such as rhodopsin, 
the cyclic nucleotide gated (CNG) channel, membrane guanylyl cyclases, and peripherin-2 [22-
25]. Moreover, the TZ is the only link between the two segments and all proteins need to be 
transported via this narrow bridge-like structure to the OS. Hence, the TZ serves as a 
bottleneck as well as a track to generate and maintain the sensory cilium. Several proteins, 
most of which are associated with human retinal degenerative diseases, are enriched at the TZ 
of photoreceptors. These include RPGR (retinitis pigmentosa GTPase regulator), CEP290, and 
Nephrocystin-1 (NPHP1). The microtubules then extend in the form of axoneme. Depending 
upon the species and cell-type examined, the axoneme can extend to half or full length of the 
OS. The axoneme is recognized by the fact that it consists of singlet microtubules. Not much is 
known about the specific function of the axoneme. However, functional analysis of RP1 
(retinitis pigmentosa 1) protein that localizes specifically to the axoneme of photoreceptors 
indicated that it might be involved in stabilizing the OS discs. The membranous discs arranged 
in a perpendicular orientation to the axoneme and axoneme is believed to prove a structural 
support to the OS discs.  

In addition to maintaining a specific composition of the OS, the photoreceptors also undergo 
massive protein trafficking. In fact, photoreceptors are most active neurons in the human 
body and have high-energy demands. This is due to the fact that photoreceptors shed their 
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distal discs at a high rate. It is estimated that 10% of the distal tips of the OS is shed every 
day by undergoing phagocytosis by the overlying retinal pigmented epithelium (RPE) cells 
[26]. As no protein synthesis occurs in the OS, all components necessary for the renewal of 
OS discs are synthesized in the IS and transported to the OS at a very high rate. 
Approximately 2000 opsins transported to the OS per second in a normal human 
photoreceptor. Even slight disturbances in the synthesis and transport of proteins to the OS 
results in photoreceptor degeneration and blindness.  

 
Figure 1. Schematic representation of a rod photoreceptor cell. The membranous discs in the outer 
segment are enclosed in the plasma membrane. The photoreceptors are rich in mitochondria, which are 
concentrated around the apical inner segment 

3. Docking of cargo and selection at the TZ of photoreceptors 

Even though the OS proteins can be targeted to the cilia, they are first docked at the basal 
body or adjacent membrane. Multiple models have been proposed for the site of docking of 
the cargo vesicles [27]. These propose docking directly at the basal body, docking at the 
lateral plasma membrane and then movement of vesicles in the plasma membrane towards 
to the ciliary compartment, or docking at a privileged domain of the apical plasma 
membrane. In vertebrate photoreceptors, such a privileged domain was identified as 
periciliary ridge. Opsin-laden vesicles were identified at this privileged region as well as 
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transiently in the TZ or CC of photoreceptors [25]. More recently, several ciliary disease 
proteins mutated in Usher Syndrome, were identified at the periciliary ridge and are thought 
to make a connecting link between the apical plasma membrane and the ciliary membrane [28-
29]. If such a domain plays a direct role in cargo docking awaits further investigations, 
specifically geared towards ascertaining the composition of this microdomain. 

After gaining access to the periciliary ridge, the cargo is transported into the TZ, which acts 
as a ‘check post’. Due to its elegant meshwork-like structure with Y-shaped linkers that 
connect the axonemal microtubules to the plasma membrane, its composition of this 
structure has been the subject of many recent studies. Remarkable studies identified a 
network of multiprotein complexes of ciliary disease proteins that are found at the TZ and 
act as diffusion barrier to limit the trafficking of membrane cargo into the ciliary 
compartment [22, 30-33]. These proteins include RPGR, RPGR-interacting protein 1 
(RPGRIP1) [34-35], CEP290/NPHP6 [36-37], MKS-associated proteins and other JBTS and 
NPHP-associated proteins [6, 38]. Interestingly, these proteins exist in discrete multiprotein 
complexes at the TZ. A direct role of TZ proteins in acting as a barrier was established when 
Witman and colleagues showed that mutation in Chlamydomonas CEP290 causes 
accumulation of non-ciliary membrane proteins to enter cilia and vice versa [39]. However, 
such a function of CEP290 in photoreceptors still needs to be investigated.  

4. Ciliary disorders of retina (retinal ciliopathies) 

As the OS of photoreceptors is a sensory cilium, the degenerative diseases that affect the 
formation or function of the OS can be categorized as a ciliary disorder. However, for 
simplicity, we will discuss only those cilia-dependent retinopathies that occur due to defects 
in ciliary TZ proteins and result in defective trafficking of proteins to the OS. Inactivation of 
the IFT in conditional Kif3a-/- mice and Tg737orpk, a hypomorphic allele of IFT88, results in 
opsin accumulation in the IS [40-41]. Mutations in rhodopsin that affect its trafficking to OS 
are associated with degenerative blindness disorders of the retina [42-47]. Moreover, 
ablation of IFT subunit IFT20, which localizes to Golgi and cilia, also results in entrapment 
of opsins in the IS [48]. Ciliary proteins RP1 and RPGRIP1, mutations in which result in 
RP/LCA are required for cilia-dependent OS generation [35, 49-50].  Pleiotropic disorders, 
such as Senior-Loken Syndrome, Joubert Syndrome, and Bardet-Biedl Syndrome, are also 
caused by mutations in ciliary proteins and share retinal degeneration as a common 
phenotype [51-53] (Table 1). In this chapter, we will specifically discuss RPGR and RP2, 
which are mutated in X-linked forms of retinopathies and CEP290, which is a frequent cause 
of Leber congenital amaurosis (LCA), a childhood blindness disorder (Figure 2).  

4.1. Non-syndromic retinal ciliopathies 

Retinitis Pigmentosa (RP). RP, detected in 1:3000 people worldwide, is a group of severe 
blindness disorders that is caused by progressive loss of rod and cone photoreceptors. It is 
inherited in autosomal recessive, autosomal dominant as well as X-linked manner. Patients 
exhibit symptoms of night blindness and loss of peripheral vision (due to rod death) in the 
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first two decades of life, which is followed by complete blindness due to loss of cone 
photoreceptors [54-55]. Loss of cones can either be due to the fact that the causative gene is 
also expressed in cone photoreceptors or due to starvation or loss of availability of trophic 
factors secreted from the rods (majority cell type in photoreceptor layer; 95-97%) if the 
mutation is in a rod-specific gene [56-57].  

 
Figure 2. Schematic representation of the localization of the ciliary proteins being discussed in this 
chapter. As shown, RPGR localizes to the transition zone and basal body and RP1 is concentrated at the 
distal axoneme, which extends into the outer segment. RPGRIP1 tethers RPGR at the transition zone. 
RP2 is detected at the Golgi as well as transition zone in photoreceptors. CEP290/NPHP6 is detected at 
the transition zone, basal body, as well as in the cytosol.   

Some forms of RP are caused by defects in genes that encode for ciliary proteins. These 
include RPGR, RP1, RP2, and TOPORS [50, 56-60]. RP1 and TOPORS are two ciliary proteins 
mutated in adRP. However, they localize to distinct ciliary compartments: RP1 localizes to 
the axoneme whereas TOPORS is concentrated in the basal body and transition zone of 
photoreceptors (Figure 2). The RPGR and RP2 genes are mutated in X-linked forms of RP 
and together account for more than 90% of XLRP cases [61-64]. Among these, RPGR 
mutations are found in 70-80% of XLRP and more than 25% of simplex RP males with no 
family history. On the other hand, RP2 mutations account for 6-10% of XLRP cases. There is 
considerable clinical heterogeneity among cases of XLRP, which has affected the ability to 
differentiate between RPGR and RP2 patients in the clinic. This has prompted investigations 
into genotype-phenotype correlation studies. Such studies are relatively well documented 
for RPGR patients owing to their majority occurrence as compared to RP2 mutations [65-67]. 
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Nonetheless, recently, a comprehensive analysis of a large group of RP2 patients revealed 
interesting observations: a majority of RP2 patients seem to exhibit an early involvement of 
the macula (the central region of the retina) [68].  

RPGR: The RPGR gene consists of 19 exons and encodes for multiple alternatively spliced 
transcripts. There are two major transcripts: RPGR1-19 and RPGRORF15. As the name suggests, 
the RPGR1-19 isoform consists of exons 1-19 whereas RPGRORF15 isoform consists of exons 1-15 
and terminates in intron 15. Both these isoforms therefore, contain a common amino-terminal 
part comprising of exons 1-15. A part of this region, encoded by exons 2-11 contains a domain 
of the protein that is homologous to RCC1 (regulator of chromosome condensation 1), a 
guanine nucleotide exchange factor (GEF) for small GTPases involved in nucleocytoplasmic 
trafficking of proteins. This domain of RPGR is termed RCC1-like domain (RLD). The 
carboxyl-terminal region is distinct between these two isoforms. While the RPGR1-19 isoform 
possesses an isoprenylation motif at the extreme carboxyl-terminus, the RPGRORF15 isoform 
encodes for an unusual stretch of Glutamic acid and Glycine rich (Glu/Gly rich) domain 
(Figure 3). At DNA level, the terminal exon of this isoform contains purine-rich repeats [60, 62, 
64, 69]. Ablation of the Rpgr gene in mice affects opsin trafficking and results in photoreceptor 
degeneration, starting at around 6 months of age [70]. Similar phenotype was detected in two 
naturally occurring canine models of RPGR mutation, although the severity of disease was 
different in the two mutants [71]. First direct correlation of a function of RPGR in cilia was 
obtained when it was shown that RPGR localizes predominantly to the TZ of photoreceptors 
and interacts with other ciliary and transport proteins [72-73]. More recently, it was found that 
silencing of rpgr in zebrafish embryos results in shorter cilia and developmental anomalies, 
reminiscent of ciliary dysfunction [74-75]. These findings indicate that RPGR is involved in 
regulating the trafficking of proteins at the TZ. Mechanistic insights into RPGR function were 
obtained when it was shown that RPGR possesses enzymatic activity. RPGR acts as a GEF for 
the small GTPase RAB8A, which is involved in cilia formation and maturation. As a GEF, 
RPGR catalyzes the conversion of the inactive, GDP-bound RAB8A to active GTP-RAB8A to 
facilitate the trafficking of cargo vesicles [76]. The precise function of RPGR as a GEF in 
photoreceptors still needs to be delineated. 

RP2: The RP2 gene is composed of 5 exons and encodes a protein of 350 amino acids. The 
structure of RP2 reveals two major domains: an amino-terminal domain homologous to 
tubulin binding cofactor C (TBCC) homology domain and a carboxyl-terminal nucleoside 
diphosphate kinase domain [77-79] (Figure 3). The purified RP2 protein possesses GTPase 
activating protein (GAP) activity towards the small GTPase ARL3 (ADP Ribosylation Factor-
Like protein 3). As a GAP, RP2 assists in the conversion of GTP-bound ARL3 to ARL3-GDP 
[80]. Although some human mutations affect this association or activity, the precise role of 
RP2 as a GAP in photoreceptors is still not clear. The amino terminus of RP2 is palmitoylated 
and myristoylated and hence, may associate with cell membrane. In fact, RP2 has been found 
to associate with the plasma membrane of cells and of photoreceptors [81]. In addition, RP2 is 
also present at the basal body of primary cilia and undergoes trafficking into the cilia like IFT 
[59]. RP2 interacts with ciliary protein polycystin-2 and assists in the trafficking of polycystin-
2 to the cilia. Recent studies have shown that ciliary localization of RP2 is regulated by 
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importins, proteins involved in nucleocytoplasmic trafficking [82]. These data suggest a 
potential role of such machinery in regulating protein import into the cilia. Silencing of RP2 
in cells results in the swelling of the distal tip of the cilium but spares the rate of trafficking of 
the IFT machinery. Further investigation revealed that RP2 is involved in the secretion of 
polycystin-2 from ciliary tip to the external microenvironment. One possible scenario is that 
RP2 may not be directly involved in the secretion rather assists in the trafficking and delivery 
of an accessory cargo that is required for the secretion of polysystin-2 and other such proteins 
from the ciliary tip. In photoreceptors, RP2 also localizes to the basal body, TZ as well as 
Golgi. Silencing of RP2 was also shown to fragment Golgi and may affect Golgi to cilia 
trafficking in cells [89]. The in vivo effect of ablation of RP2 in photoreceptors will provide 
critical clues to its involvement in cilia formation, function and protein trafficking.  

Leber congenital amaurosis (LCA). LCA is considered the most severe form of retinal 
degenerative disease that occurs in the childhood or early adulthood, with an incidence of 1 
in 30,000 births worldwide. Defective retina exhibits perturbations in the initial 
development of photoreceptors [83]. Like RP, LCA also exhibits considerable genetic and 
clinical heterogeneity. To date, mutations in 18 genes have been identified to cause LCA 
(RetNet, http://www.sph.uth.tmc.edu/Retnet). Of these, four genes, CEP290, RPGR-
interacting protein 1 (RPGRIP1), LCA5 or lebercilin and Tubby-like protein 1, encode for 
ciliary proteins. We will discuss CEP290 and RPGRIP1 below. 

CEP290. Mutations in the cilia-centrosomal protein CEP290 are frequently observed in LCA, 
with an incidence of 22-25% cases [37]. The CEP290 gene consists of 55 exons and encodes a 
protein of 2,479 amino acids (Figure 3). The CEP290 is a multidomain protein and consists of 
several coiled-coil domains. Involvement of CEP290 in early onset retinal degeneration was 
determined when a naturally occurring mouse model called rd16 (retinal degeneration 16) was 
identified to carry an in frame deletion in the Cep290 gene. The rd16 mouse exhibits early onset 
severe retinal degeneration, characteristic of LCA in humans, and is accompanied by partial 
mislocalization of RPGR to the IS. The domain of CEP290 that is deleted in the rd16 mouse is 
termed DRD (deleted in rd16 domain) [84]. The deletion renders the CEP290 protein prone to 
degradation; however, expression of truncated CEP290 protein can be detected in the retina 
and other tissues in the rd16 mouse [36]. CEP290 localizes predominantly to the CC/TZ of 
photoreceptors and interacts with selected ciliary and transport assemblies, including retinal 
disease proteins Retinitis Pigmentosa GTPase Regulator (RPGR) and RPGR-interacting protein 
(RPGRIP1), which are mutated in RP and LCA, respectively [36].  

In cell culture studies, CEP290 has been shown to regulate cilia assembly program by 
modulating the localization of RAB8A and Pericentriolar Material 1 (PCM1) [85-86]. 
Additionally, studies using Chlamydomonas CEP290 indicated that it is involved in the 
stabilization of the diffusion barrier formed by the Y-linkers [39]. It was recently 
demonstrated that CEP290 interacts with a novel ciliary protein RKIP (Raf-1 Kinase 
Inhibitory Protein) and modulates its intracellular protein levels. Silencing of cep290 in 
zebrafish or mutation in the rd16 retina results in aberrant accumulation of RKIP; high levels 
of RKIP subsequently result in mislocalization of RAB8A [84]. Moreover, CEP290 interacts 
with BBS6; relative dosage of the two proteins seems to be critical in modulating the 
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importins, proteins involved in nucleocytoplasmic trafficking [82]. These data suggest a 
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Leber congenital amaurosis (LCA). LCA is considered the most severe form of retinal 
degenerative disease that occurs in the childhood or early adulthood, with an incidence of 1 
in 30,000 births worldwide. Defective retina exhibits perturbations in the initial 
development of photoreceptors [83]. Like RP, LCA also exhibits considerable genetic and 
clinical heterogeneity. To date, mutations in 18 genes have been identified to cause LCA 
(RetNet, http://www.sph.uth.tmc.edu/Retnet). Of these, four genes, CEP290, RPGR-
interacting protein 1 (RPGRIP1), LCA5 or lebercilin and Tubby-like protein 1, encode for 
ciliary proteins. We will discuss CEP290 and RPGRIP1 below. 

CEP290. Mutations in the cilia-centrosomal protein CEP290 are frequently observed in LCA, 
with an incidence of 22-25% cases [37]. The CEP290 gene consists of 55 exons and encodes a 
protein of 2,479 amino acids (Figure 3). The CEP290 is a multidomain protein and consists of 
several coiled-coil domains. Involvement of CEP290 in early onset retinal degeneration was 
determined when a naturally occurring mouse model called rd16 (retinal degeneration 16) was 
identified to carry an in frame deletion in the Cep290 gene. The rd16 mouse exhibits early onset 
severe retinal degeneration, characteristic of LCA in humans, and is accompanied by partial 
mislocalization of RPGR to the IS. The domain of CEP290 that is deleted in the rd16 mouse is 
termed DRD (deleted in rd16 domain) [84]. The deletion renders the CEP290 protein prone to 
degradation; however, expression of truncated CEP290 protein can be detected in the retina 
and other tissues in the rd16 mouse [36]. CEP290 localizes predominantly to the CC/TZ of 
photoreceptors and interacts with selected ciliary and transport assemblies, including retinal 
disease proteins Retinitis Pigmentosa GTPase Regulator (RPGR) and RPGR-interacting protein 
(RPGRIP1), which are mutated in RP and LCA, respectively [36].  

In cell culture studies, CEP290 has been shown to regulate cilia assembly program by 
modulating the localization of RAB8A and Pericentriolar Material 1 (PCM1) [85-86]. 
Additionally, studies using Chlamydomonas CEP290 indicated that it is involved in the 
stabilization of the diffusion barrier formed by the Y-linkers [39]. It was recently 
demonstrated that CEP290 interacts with a novel ciliary protein RKIP (Raf-1 Kinase 
Inhibitory Protein) and modulates its intracellular protein levels. Silencing of cep290 in 
zebrafish or mutation in the rd16 retina results in aberrant accumulation of RKIP; high levels 
of RKIP subsequently result in mislocalization of RAB8A [84]. Moreover, CEP290 interacts 
with BBS6; relative dosage of the two proteins seems to be critical in modulating the 
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formation of OS, cochlear cilia, and olfactory cilia [87]. These studies further demonstrated 
the diverse roles of CEP290 in modulating the formation, maturation, and function of cilia. 

 
Figure 3. Schematic representation of the primary structure of RPGR, RP2, and CEP290. The two major 
isoforms of RPGR: RPGR1-19 and RPGRORF15 are depicted. The RCC1-like Domain (RLD) is encoded by 
exons 2-11 of RPGR. The RPGR1-19 isoform possesses a carboxyl terminal isoprenylation (IsoPr) site. The 
RP2 protein consists of amino terminal myristoylation /palmitoylation (My/Pa) site, tubulin binding 
cofactor C (TBCC) domain and a nucleoside diphosphate kinase (NDK) domain. The CEP290 protein is 
a multidomain molecule. Both human and mouse CEP290 protein are shown. In rd16 mouse, there is a 
deletion in the myosin-tail homology domain of the CEP290 protein. SMC: Structural Maintenance of 
Chromosomes; CC: coiled coil. 
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RPGRIP1. RPGRIP1 is a ciliary protein that associates directly with the TZ microtubules. 
Mutations in RPGRIP1 have been identified in a small percentage of LCA cases. In mice, 
ablation of the Rpgrip1 gene results in defective OS development and early onset retinal 
degeneration. RPGRIP1 was identified as an interacting partner of RPGR in photoreceptors. 
Like rd16 retina, the Rpgrip1-/- mouse retina exhibits mislocalization of RPGR to the IS of 
photoreceptors and its absence from the TZ. These studies indicate that RPGRIP1 tethers 
RPGR to the TZ. In addition to RPGR, RPGRIP1 also directly interacts with NPHP4; disease-
causing mutations in both these proteins perturb this interaction [35, 88]. 

Syndromic Ciliopathies. In addition to non-syndromic retinal cilipathies described above, 
photoreceptor degeneration is a common feature in multiple syndromic ciliopathies, such as 
Senior-Løken Syndrome (cystic kidneys and retinopathy), Joubert Syndrome (cerebellar 
vermis hypoplasia, cystic kidneys, and retinal coloboma) and Bardet-Biedl Syndrome (BBS; 
obesity, mental retardation, polydactyly and retinal degeneration) [6]. Interestingly, some of 
the proteins described above are also mutated in syndromic ciliopathies and/or associate 
with other ciliopathy proteins in the cilia. For example, some RPGR patients exhibit extra-
retinal phenotypes, such as hearing defects, respiratory infections, sperm dysfunction, and 
primary cilia dyskinesia. CEP290, on the other hand, is also mutated in syndromic 
ciliopathies JBTS, MKS, and BBS.  

Joubert Syndrome (JBTS). JBTS is an autosomal recessive disorder characterized by cerebellar 
vermis hypoplasia and retinal coloboma. A characteristic clinical feature of JBTS is the 
appearance of ‘molar tooth sign’, which represents a malformation of midbrain-hindbrain 
junction. Mutations in several ciliary proteins, such as CEP290/NPHP6, NPHP3, 
RPGRIP1L/NPHP8, AHI1, MKS3, and NPHP1 are associated with JBTS.  

Meckel-Gruber Syndrome (MKS). MKS is characterized by embryonic lethality as a result of 
malformation or malfunction of multiple organs during development. Some characteristic 
clinical features include microphthalmia (small eye), renal dysplasia, polydactyly, and situs 
inversus. Interestingly, some of the genes that are mutated in JBTS are also associated with 
MKS. These include CEP290/NPHP6, RPGRIP1L/NPHP8, MKS1, MKS3, CC2D2A, and 
TMEM216. It has now been demonstrated that the type of mutation, location of the mutation 
and the relative combination of the different alleles can determine the outcome of the 
disorder.  

Senior-Løken and Bardet-Biedl Syndromes. Senior-Løken Syndrome (SLSN) is characterized by 
renal cystic disease Nephronophthisis (NPHP) and retinal degeneration. Mutations in 
NPHP5 (or nephroretinin) are associated with SLSN; 100% of NPHP5 patients exhibit retinal 
degeneration. It was demonstrated that NPHP5 localizes to the cilia and interacts with 
RPGR in the retina. The retinal phenotype is partly attributed to the perturbed interaction of 
NPHP5 with RPGR in photoreceptors. Bardet-Biedl Syndrome (BBS), on the other hand, 
involves retinal degeneration, cystic renal disease, cognitive impairment, obesity, infertility 
and polydactyly as some of the main features. To date, mutations in 16 genes, all of which 
encode for ciliary proteins have been identified in BBS. These include BBS1-BBS12, MKS1, 
CEP290, SDCCAG8, and SEPT7.  
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vermis hypoplasia and retinal coloboma. A characteristic clinical feature of JBTS is the 
appearance of ‘molar tooth sign’, which represents a malformation of midbrain-hindbrain 
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malformation or malfunction of multiple organs during development. Some characteristic 
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In addition to the above-mentioned syndromic ciliopathies, there are several other disorders 
that have been elegantly described elsewhere and are not discussed in this chapter. All these 
disorders result from defective ciliary development or function. As cilia are involved in 
regulating numerous signaling cascades, including Wnt signaling, planar cell polarity, 
hedgehog signaling and cell cycle control, defects in these pathways have also been 
implicated as a cause of associated disorders. The involvement of signaling cascades in 
photoreceptor ciliary development and function is not completely understood.  

 
Table 1. This table depicts selected diseases classified as cilia dependent retinopathies, including non-
syndromic as well as syndromic forms. Notably, retinal degeneration is a commonly occurring 
phenotype in all these disorders. 

5. Conclusion 

As a number of retinal ciliopathy proteins have now been identified the TZ of 
photoreceptors, the next step is now to delineate the mechanism by which these proteins 
modulate the function of the TZ and regulate photoreceptor OS development and function. 
The existence of discrete multiprotein complexes at the TZ indicates that these complexes 
are involved in the selection and trafficking of specific cargo moieties to the OS. Mutations 
in the constituent proteins may impair the function of some of the complexes and trafficking 
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of cognate cargo while other complexes may function normally to extend the life of the 
photoreceptor. However, if the ciliary protein mutated in disease were involved in the 
trafficking of proteins regulating the development of OS discs, such as rhodopsin, one 
would expect a severe and early onset retinal degeneration. It has been shown that RPGR, 
NPHP proteins and BBS proteins (BBSome) exist in multiprotein complexes and regulate 
ciliary trafficking.  

Some of the TZ proteins possess enzymatic activity. As discussed above, RPGR is a GEF for 
RAB8A while RP2 is a GAP for ARL3. Such activity of these proteins may impart specificity 
to the cargo vesicle docking and fusion to the ciliary membrane for crossing the TZ barrier. 
Moreover, modulating the activity of these proteins may provide insights into developing 
therapeutic paradigms for associated disorders. It should however, be noted that some TZ 
proteins are also present in other subcellular compartments of the cell. For example, some 
RPGR isoforms are detected in the basal body and Golgi; RP2 localizes to Golgi and CEP290 
localizes to the cytosol and basal body, in addition to the TZ. These observations beg the 
question: Are these proteins also involved in extraciliary functions or are these proteins 
participate in alternative pathways to ultimately regulate cilia dependent cascades. It was 
recently shown that CEP290 interacts with RKIP, which is involved in modulating MAP 
Kinase signaling cascades. In addition, CEP290 modulates intracellular levels of RKIP and 
likely controls its degradation. Hence, CEP290’s involvement in intracellular signaling and 
in protein degradation pathways may be linked to cilia formation or function. However, 
further investigations are necessary to establish such links and to further delineate the roles 
of TZ proteins in regulating protein trafficking and photoreceptor OS development and 
function. 
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1. Introduction 

Cataract is a kind of eye disease [1]; that is a clouding in the lens of the eye that affects 
vision. Cataract exhibits a lot of whitish color inside a pupil. The three classes of cataracts 
are immature, mature and hypermature, which differ in seriousness. In an immature 
cataract, a whitish color appears inside the pupil but less so than in mature or hypermature 
cataracts. Usually, the condition is not yet serious. A Hypermature cataract exhibits much 
whitish color inside the pupil and can cause the lens of the eye to break if surgery is not 
carried out. This condition is very dangerous. Figure 1 shows examples of the range of 
serious and non-serious conditions.  

The World Health Report published in 2001 estimated that there were 20 million people 
who are bilaterally blind (i.e., with eyesight of less than 3/60 in the better eye) whose 
blindness was caused by age related cataracts [2]. That number will have increased to 40 
million by the year 2020. Increasing age is associated with an increasing prevalence of 
cataracts, but in most developing countries, cataracts often occur earlier in life. One of the 
developing countries that have the highest number of people with cataracts is Indonesia. 
There are about 6 million people in Indonesia who suffer from cataracts, but Indonesia only 
has about 1160 ophthalmologists for a population of more than 200 million people (one for 
every 350.000 people). In addition, ophthalmologists are not evenly distributed. Many 
ophthalmologists are located in the capital city, yet many people have no access to 
ophthalmologists because of geographic conditions. 

Usually ophthalmologists will use various equipment like slit lamp or ophthalmoscope to 
determine the type, opacities and the location of the cataract, and to distinguish it from other 
eye diseases that have symptoms similar to cataracts. Basically, both equipments use a light 
source to determine the condition of the patient's eye lens. By using these kinds of equipment, 
lens opacities can be assessed by observing the width of the edge of the iris in a cloudy lens. If 

© 2012 Supriyanti et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



 
Ocular Diseases 60 

inhibitory protein (Rkip) is associated with Cep290-mediated photoreceptor 
degeneration in ciliopathies J Biol Chem 2011; 286(32) 28276-28286 

[85] Kim, J., Krishnaswami, S. R. and Gleeson, J. G. CEP290 interacts with the centriolar 
satellite component PCM-1 and is required for Rab8 localization to the primary cilium 
Hum Mol Genet 2008; 17(23) 3796-3805 

[86] Tsang, W. Y., Bossard, C., Khanna, H., Peranen, J., Swaroop, A., Malhotra, V. and 
Dynlacht, B. D. CP110 suppresses primary cilia formation through its interaction with 
CEP290, a protein deficient in human ciliary disease Dev Cell 2008; 15(2) 187-197 

[87] Rachel, R. A., May-Simera, H. L., Veleri, S., Gotoh, N., Choi, B. Y., Murga-Zamalloa, C., 
McIntyre, J. C., Marek, J., Lopez, I., Hackett, A. N., Brooks, M., den Hollander, A. I., 
Beales, P. L., Li, T., Jacobson, S. G., Sood, R., Martens, J. R., Liu, P., Friedman, T. B., 
Khanna, H., Koenekoop, R. K., Kelley, M. W. and Swaroop, A. Combining Cep290 and 
Mkks ciliopathy alleles in mice rescues sensory defects and restores ciliogenesis J Clin 
Invest 2012; 122(4) 1233-1245 

[88] Roepman, R., Letteboer, S. J., Arts, H. H., van Beersum, S. E., Lu, X., Krieger, E., 
Ferreira, P. A. and Cremers, F. P. Interaction of nephrocystin-4 and RPGRIP1 is 
disrupted by nephronophthisis or Leber congenital amaurosis-associated mutations 
Proc Natl Acad Sci U S A 2005; 102(51) 18520-18525 

[89] Evans RJ, Schwarz N, Nagel-Wolfrum K, Wolfrum U, Hardcastle AJ, Cheetham ME. 
The retinitis pigmentosa protein RP2 links pericentriolar vesicle transport between the 
Golgi and the primary cilium. Hum Mol Genet. 2010 Apr 1;19(7):1358-67 

Chapter 3 

 

 

 
 

© 2012 Supriyanti et al., licensee InTech. This is an open access chapter distributed under the terms of the 
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Utilization of Portable Digital  
Camera for Detecting Cataract 

Retno Supriyanti, Hitoshi Habe and Masatsugu Kidode 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/48428 
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the remote location and the large shadow means immature cataracts, if it is a small shadow and 
close to the pupil occurs in mature cataracts. It is expected with early diagnosis, the cataract can 
be monitored whether to continue or will cause complications that must be treated to prevent 
blindness; However, using this equipment have some limitations including expensive price and 
special training needed. It will be a problem for some developing countries which has a limited 
number of both ophthalmologists and health facilities like Indonesia, Nepal, and Vietnam, for 
example. To solve this problem, we developed a method for detecting cataract based on digital 
image processing techniques. These techniques support the use of low-cost and easy-to-use 
equipment such as digital camera. We choose to use a digital camera as the main equipment 
with reference to the working principle of the slit-lamp camera and ophthalmoscope in which 
this equipment using the light to check the condition of the eye lens, so we adopted the use of 
the slit-lamp camera or ophthalmoscope light with a flash light on digital camera lenses to 
represent the condition. The two types of equipment are shown in Figure 2. 

 
Figure 1. Example of eye images 

In our method, we extracted all information about cataract from pupil area only because all 
information about cataracts comes from the lens only. This is based on the fact that the opacities 
as an important sign of cataracts occur in the lens.  However, when using a compact digital 
camera, we found problems such as insufficient image quality and uncontrolled illumination. For 
example, if we employ intensity value for screening cataract, i.e. higher intensity corresponds to a 
serious condition; it would fail for a cataract eye image taken under low illumination as shown in 
Figure 3. It appears that a non-serious condition eye image has an average intensity about 155 
inside a pupil while a serious condition eye image only has an average intensity about 55 inside a 
pupil. In order to develop a robust cataract  screening techniques, we proposed to use specular 
reflection analysis as the core method for cataract screening because specular reflection always 
brighter than surrounding area and it is not depend on illumination condition. We also were 
considering texture information as the supporting method. 

This chapter will discuss step by step instructions on the use of digital cameras as the main 
equipment for detecting cataract, complete with an explanation of image processing 
techniques for the analysis of digital images produced by digital cameras. 

Non Serious Condition 

Serious Condition 
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Source: http://www.mrcopth.com/examinationtechniques         
Source: Private documentation 

Figure 2. Examination using (a) slit lamp (b) our system 

 
Figure 3. Example of photographs under uncontrolled illumination 

2. Images processing analysis 

2.1. Definition of pupil 

As discussed in Section 1, we extracted all information inside the pupil including specular 
reflection and texture appearance because all information about cataract is taken from the 
pupil region only. The pupil of the eye is simply a hole in the iris through which one can peer 
into the eye. It appears black because of the darkness inside [3][4]. Based on these definitions, 
we can conclude that the color of the pupil is universal; it does not depend on ethnicity, 
although the color of the iris is different for different ethnicity, as shown in Figure 4. 

 
Figure 4. Figure 4. Color of pupil does not depend on ethnicity 

 

(a) Slit-lamp (b) Digital camera 
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The pupil gets wider in the dark but narrower in light. When narrow, the diameter is 3 to 4 
millimeters. In the dark it will be the same at first, but will approach the maximum distance 
for a wide pupil of 5 to 8 mm depending on a person’s age [5]. There are some definitions 
regarding pupil size in Figure 5.  

 
Figure 5. Definitions of pupil 

The pupil’s size always changes while the iris’s size is fixed, therefore, to make pupil size 
independent in various conditions, in this paper we will use a ratio between pupil and iris as 
a unit to express size measurement, indicated by the symbol Pr and ex pressing by Equation 1.  

 i
r

i

P PP
I I

   (1) 

2.2. Pupil localization 

In general, the algorithm used in pupil localization is using 3 stages. Before performing 
these steps, the original image size changed to 50%. This is done to simplify the image 
processing operations. 

1. Masking Step, namely the separation process of facial images based on skin color. How 
this is done by utilizing the luminance component and Cb and Cr to form the face of the 
box based on skin color as described in Figure 6.  

 
Figure 6. Face masking process 
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2. Region of eye Step, when it was getting a face image in the box and then take the eye 
area. Cutting the eye area is based on the normal form has a face that the proportion of 
1 / 3 the length of a human face [6] as described in Figure 7.  

 

 

 

 

 

 

 

 

 

 

 
Figure 7. Estimation of eye area 

3. Pupils Step, at this stage to use Lab color characteristics to determine the image of the 
pupil. Then using a fixed radius circle Hough to determine the center point of the circle 
which is the center point of pupil candidates as described in Figure 8. 

 
Figure 8. Pupil circle 

2.3. Specular reflection analysis  

The core of our method is specular reflection analysis.  We develop our algorithm refer to 
the working principles of ophthalmoscope and slit lamp. An ophthalmoscope is an 
instrument that enables a doctor to examine the inside of a person's eye. The instrument has 
an angled mirror, various lenses, and a light source. A slit lamp is an instrument that 
enables a doctor to examine the entire eye under high magnification and that allows 
measurement of depth. The slit lamp focuses a bright light into the eye. Both equipments 
have a similarity for diagnosing cataract. 

Figure 9 describes the principle work of the specular reflection method.  Light hits the 
frontal surface of the lens and makes a reflection called frontside reflection. But actually 
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light also hits the rear side of the lens. For a non serious condition, there is not a whitish 
color inside the lens so it will be reflected again, which is called backside reflection. For a 
serious condition especially, because there is a lot of clouding in the lens, light will not be 
reflected again. The different characteristics are shown in Figure 10. Based on the reflection 
theorem, the direction of the normal vector always goes to the center of the pupil, so when 
we look at the image appearance we can find the relationship of the location between the 
two reflections and the center of the pupil; they are on a single line 

 
Figure 9. Model of reflection characteristics in eye 

Using the relationship between both reflections, we conducted a search to find the backside 
reflection, as depicted in Figure 11. Using coordinate of the center and the radius of 
frontside reflection, we then searched for the backside reflection by searching for areas of 
higher intensity beside frontside reflection compared with their immediately surrounding 
areas in a line that expressed by Equation 2 

  (2) 

Where A is the length of backside reflection searching, d is the distance between center of 
pupil and center of frontside reflection, r is the radius of pupil and  is the radius of 
backside reflection. 

In fact, the shapes of specular reflections are varied as described in Figure 12.  As shown in 
Figure 12, some variations of the specular reflections shape are circle, cube, rectangular and 
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ellipse, although we used the same flash light during taking photographs. Therefore, during 
searched for backside reflections area as described in Figure 11, we considered to assume 
various shapes of specular reflections and did intensity searching based on the shape that 
we assumed before as shown in Figure 13. 

 
Figure 10. Example of Reflection Appearance 

 
Figure 11. Searching backside reflection area data 

 
Figure 12. Various shapes of specular reflections inside the pupil 
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Figure 13. Intensity tracking using various shapes of specular reflections 

We apply Eq. 2 which the value of  is determined by following the assumption of specular 
reflection as shown in Figure 14. 

 
Figure 14. The size using for intensity tracking 

Then, we compare the performance of each shapes of specular reflections in order to provide 
a recommendation on the tendency of specular reflection's shape that can give the best 
results for cataract screening sistem we apply an Eq.4. 

Based on the result of intensity tracking as shown in Figure 11, we implemented a 
differential function in a discrete system to develop an automatic screening between the 
serious condition and not serious condition based on intensity tracking result and expressed 
by Equation 3. 

 …  (3) 

Where I is intensity and S is a distance between center of frontside reflection and the next 
circle that will be investigated. During intensity searching, if D(S) >0 it means there is an 
increasing intensity value. Otherwise if D(S) <0 it means there is a decreasing intensity 
value. Based on the discussion in above paragraph, that non serious condition always have a 
great increasing intensity that indicated existence of backside reflection but it doesn’t mean 
that serious condition didn’t have increasing intensity during intensity tracking. Because we 
have variations of the numbers of intensity searching so we define normalized number of 
increasing value determined by Equation 4. 
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Where P is the numbers of point that has increasing intensity value and n is the numbers of 
point along an intensity tracking line. The main characteristic of serious and non-serious 
conditions depends on the presence of backside reflection in an image that is shown by 
increasing intensity in an area during intensity searching. Figure 15  shows the examples of 
the result of intensity tracking for serious and non-serious. 

 
Figure 15. Analyzing backside reflection 

2.4. Texture analysis 

2.4.1. Uniformity 

An important approach to region description is to quantify texture content. In statistical 
texture analysis, the descriptor measures properties such as smoothness, coarseness and 
regularity. Basically, there are two kinds of textures inside the pupil; smooth and coarse. 
This can be calculated by the uniformity value expressed in Eq.5. Where U is the value of 
uniformity, H is probability histogram of the intensity levels in a region, and N is the 
number of pixel in an image, Let i = 0, 1, 2, …., , L − 1, be the corresponding histogram, 
where L is the value of possible intensity. Uniformity will be maximum when all gray levels 
are equal [7]. Whitish color inside the lens has two kinds’ distributions. First, whitish color 
spread smoothly inside the pupil. In the early stage, this kind of cataract has a thin layer of 
whitish color and covers the whole lens surface gradually until the whitish color layer 
becomes thick. Second, whitish color spread uneven inside the lens. It will appear a coarse 
texture inside the pupil. Almost all non serious conditions have a smooth texture with a 
high value of uniformity. 

 � ��∑ ������ ��������   ……..(5) 

For example, in a 3 x 3 region and belongs to a smooth texture as shown in Figure 16 , the 
uniformity is shown in calculation below: 
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Figure 16. Example of Smooth Texture 

Another example, in a 3 x 3 region and belongs to a coarse texture as shown in Figure 17, the 
uniformity is shown in calculation below: 

 
Figure 17. Example of coarse Texture 
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Figure 18(a) shows an image of eye in serious condition with a high value of uniformity 
caused by the whitish color is spreading smoothly inside the pupil. In  the early stage, this 
kind of cataract has a thin layer of whitish color and covers the whole lens surface gradually 
until the whitish color layer becomes thick. Figure 18(b) shows an image of an eye with a 
coarse texture because the whitish color is spreading unevenly inside the pupil. Figure 18(c) 
shows an image of an eye in non-serious condition. Almost all non-serious conditions have a 
smooth texture with a high value of uniformity. 

2.4.2. Average intensity 

The equation to measure an average intensity expressed in Equation 6, where m is mean 
(average) of intensity, I is possible intensity, and N is number of pixel in an image [7]. It will 
be very simple intuition that cataract eyes have brighter intensities than normal eyes.  

 � ��∑ ������ �������  (6) 
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Figure 18. Example of Texture Appearance 

For example, in a 3x3 region as shown in Figure 19 , the average intensity is shown in 
calculation below : 
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9 � �� ����� 

 
Figure 19. An example of average intensity 

The whitish color inside a pupil has a corresponding with increasing intensity. Figure 20 
shows an eye normal image and a cataract eye image. It appears that a cataract eye image 
has a higher intensity than a normal eye image. By assuming that a serious condition has a 
higher intensity than a non-serious condition, we distinguish both conditions. 

 
Figure 20.  Intensity difference between normal and cataract 
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be very simple intuition that cataract eyes have brighter intensities than normal eyes.  
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Figure 18. Example of Texture Appearance 

For example, in a 3x3 region as shown in Figure 19 , the average intensity is shown in 
calculation below : 
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Figure 19. An example of average intensity 

The whitish color inside a pupil has a corresponding with increasing intensity. Figure 20 
shows an eye normal image and a cataract eye image. It appears that a cataract eye image 
has a higher intensity than a normal eye image. By assuming that a serious condition has a 
higher intensity than a non-serious condition, we distinguish both conditions. 

 
Figure 20.  Intensity difference between normal and cataract 
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3. Diagnosing by classification 

To build the system, we used Matlab R2007B with image processing toolbox.  Also, for 
building a classifier to classify between serious and non-serious condition, we use SVM 
toolbox developed by Canu [3]. In order to make a classification for cataract screening we 
need two kinds of data: training data and testing data. Training data used to train the 
system to recognize the characteristics of a serious condition and non-serious condition so 
the system can determine the threshold for distinguishing between two conditions 
automatically. While testing data used to evaluate system performance refer to the 
characteristics obtained in the training data. 

To test the performance of our system, we use several parameters. The first is True Positive 
Rate (TPR). TPR determines a classifier or a diagnostic test performance on classifying 
positive instances correctly among all positive samples available during the test. The second 
is FPR (False Positive Rate). FPR, on the other hand, defines how many incorrect positive 
results occur among all negative samples available during the test.  

Criterion values for getting TPR and FPR parameters are described in Figure 21.  

 
Figure 21. Parameter for measuring performance 

To evaluate the overall system performance, we use cross validation techniques in which we 
did evaluation several times until all data were evaluated.. So that all images produced by 
various kinds of cameras are grouped into two groups. The first group is the images that 
show the serious conditions, while the second group is the images that show the non-serious 
conditions. We did some testing times by taking 90% of data as training data and 10% of 
data as testing data. Data changed each time, until finally all data used as training data and 
testing data. Figure 22 shows a summary of performance our algorithm. The result shows 
that current method has a good performance than other method. 
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Figure 22. Performance comparison for each method 

4. Practical screening system and data acquisition 

As discussed in subsection 2.3, the core of our method is specular reflection analysis. 
Referring to the reflection theorem, light hits the frontal surface of the lens and makes a 
reflection called frontside reflection. However, light also hits the rear side of the lens. For a 
non-serious condition, there is not a whitish color inside the lens, therefore, it will be 
reflected again, which is called backside reflection. For a serious condition especially, 
because there is a lot of clouding in the lens, light will not be reflected again. In order to 
investigate the availability of frontside reflection and backside reflection inside the lens, and 
also to obtain a minimum distance between two reflections that can be observed by our 
algorithm, we did a simulation. Refer to the experiments, our algorithm can observe 
availability of two reflections with minimum ratio between distance and iris of about 0.125. 
It is an important value because if our algorithm fails to investigate availability of the two 
reflections, will face problems. First, patient really has a serious condition. Second, it is 
caused by a wrong position between camera and patient during taking a photograph. 

Regarding these problems, we have to make sure that we put camera and patient in an 
appropriate position. Therefore, a simulation of the angle’s position is very important. In 
our simulation, we assume that a light is attached in camera. The purposes are: 

1. Getting an optimal position of angle between camera and lens. 
2. Getting an optimal pupil size to get an appropriate distance between two reflections. 

The lens has an ellipsoid, biconvex shape. It is typically circa 10 mm in diameter and has an 
axial length of about 4 mm [5]. An iris is a colored disk inside the eye with diameter of about 
12 mm [5]. Figure 23 describes the shape and size of the lens, pupil and iris in our 
simulation. 
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Figure 23. Typical shape and size of pupil 

In this part, there are three conditions. First is a condition where the reflection does not 
occur inside the lens. Second is a condition where only a frontside reflection occurs and can 
be observed inside the lens. Third is an appropriate condition where a frontside reflection 
and backside reflection occur and can be observed in an image plane. Figures 24-26 show 
each condition, respectively.  

During simulation, we change the position of the camera with light attached based on angle 
() between camera and lens. It starts from angle 1o to angle 180o. Figure 24 shows that the 
position of light cannot reach the lens because light hits the surface of the iris; therefore, 
there is no reflection in the lens 

 
Figure 24. Condition in which no reflection occurs 

Figure 25 shows that light hits the frontal surface of the lens therefore, a reflection 
occurs and is observed. However, when the light hits the rear side of the lens, a 
reflection occurs but it cannot be observed in the image plane. Therefore, in this 
condition, only frontside reflection is observed in the image plane. Figure 26 shows an 
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appropriate condition in which both reflections occur and are observed in the image 
plane. This kind of parameter will be useful for distinguishing between serious and 
non-serious conditions.  

 
Figure 25. Condition in which only frontside reflection occurs and is observed in an image  plane 

 
Figure 26. An appropriate condition in which both reflections occur and are observed in an image 
plane 

In the real condition, As already discussed in the section 1, that our system is expected to be 
used by all people in all places, so that the equipment will be used in our system must also 
be simple as shown in Figure 28. Brief description about the function of equipment is 
described in the following paragraph. 

3. Chin rest - This is equipment for patient to lean forward and place his or her in the chin 
rest and forehead against the bar. We use a simple chin rest created manually by using 
a board that is placed on something that could make it stand upright. The main goal is 
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In the real condition, As already discussed in the section 1, that our system is expected to be 
used by all people in all places, so that the equipment will be used in our system must also 
be simple as shown in Figure 28. Brief description about the function of equipment is 
described in the following paragraph. 

3. Chin rest - This is equipment for patient to lean forward and place his or her in the chin 
rest and forehead against the bar. We use a simple chin rest created manually by using 
a board that is placed on something that could make it stand upright. The main goal is 
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to put the patient's chin so that patients feel comfortable during taking a photograph. 
On the other hand, by using a chin rest so will allow a user to get the right eye image 
during taking a photograph because the patient does not move his head movement that 
will result in the patient's eye movement. We should be emphasized here that this tool 
is not absolutely necessary in our system, if users can take photograph that make an 
appropriate input image and the patient feel comfortable, not moving their head so that 
the position of the eyes in a state of permanent, then the use of these tools are not 
needed. 

4. Tripod - Tripods are used for both still and motion photography to prevent camera 
movement. The main purpose of using a tripod in our system is to make it easier to get 
good quality photo because the camera will be in a fixed position and not moving so the 
possibility of blur can be prevented. Another reason is to get more accurate angular 
position between the camera and the patient because they will affect the existence of 
specular reflection inside a pupil as be described in above paragraph. It should be noted 
here that as well as the use of chin rest, the use of a tripod in our system is not an 
absolute thing. If users able to get an appropriate input image without using a tripod 
therefore this equipment is not required in our system. 

5. Digital Camera - This is the most important equipment in our system because all the 
input images are taken from a digital camera. In our system, we use all types of digital 
cameras from various brands available such as Canon and Nikon. We do not consider 
about the performance of cameras such as the number of pixels, zooming 
capabilities,and other facilities. Most important for our system is the camera has flash 
facility as a light source to get specular reflections, has a macro facility to get a good 
enough quality when taking photographs for the pupil of the eye area. Referring to 
Figure 2, it can be said that the performance of each camera is almost evenly.  

 
Figure 27. System performance based on types and brands of digital camera 

6. Scale - This is equipment to provide guidance angle camera placement. We use a kind of 
plastic mats that have been marked to measure the angle between the patient and the 
camera. 

7. Personal Computer 
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The main function is an interface for analyzing of input images that have been obtained 
in the data acquisition session. Our method written in the form of graphical user 
interface (GUI) so that user easily uses it just by pressing the command buttons available. 
Users do not need to analyze the complicated result because our methods give results 
about the patient's condition which he included in serious or non serious condition.  

 
Figure 28. Equipment were used in our system 

Figure 29 and Figure 30 describe about the implementation of data acquisition in the real 
condition.  

 
Figure 29. Side view of camera configuration 

 
Figure 30. View from above camera configuration 

5. Conclusion 
Regarding the conditions in developing countries which have limitations both of eye doctors 
and health facilities, using simple equipment such as digital camera for cataract screening is 
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promising and sufficient. Because digital camera is small and easily carried out, easy to use 
and inexpensive. Also, the method for supporting digital camera has a good performance 
for distinguishing between serious and non-serious condition; therefore, it is very useful for 
determining people who need a surgery as soon as possible. 
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1. Introduction 

In ophthalmology today, laser photodisruptors are used besides laser photocoagulators. 
Photocoagulators transform light energy into heat energy, causing microcauterisation of 
tissue. Photodisruptors act non-thermally by controlled cutting of the unwanted tissue, 
causing microexplosions. The most frequently used photodisruptors are Neodymium YAG, 
Holmium YAG and Erbium YAG lasers. They differ by type of the active crystal. The laser 
beam of these lasers is highly coherent, low-divergent, which enables it a high precision. It is 
used as a microscalpel to cut optical membranes and tissues. 

Meyer-Schwickerath was the first to describe the laser beam transmission through optical 
media. Photodisruptors such as Nd-YAG laser work by principles of the optical 
“breakdown”. Laser beam energy is brought to as small focal point as possible, thus 
achieving a high energy density with a strong destructive effect. In the focal point there 
occurs a microexplosion with disruption of electrons from their nuclear orbits. This free 
floater is known as electronic plasma. The electronic plasma is able to absorb any further 
energy entering the eye in the same focal point. This significant feature of the protective 
plasma prevents damage to the eye structures beyond the protective plasma formation, i.e., 
conduction of the destructive effect outside the focus. Inside the protective plasma, the 
temperature is 15,000 ºC with a high pressure, so the plasma expands in concentric waves, 
“shock waves”. In about 150ns after the “optical breakdown”, it is possible to 
biomicroscopically see air bubbles as a sign of collapse and pressure equalisation inside the 
wave with atmospheric pressure. The “shock wave” is accompanied by an acoustic wave 
that is sometimes audible. 

Two methods are used in the Nd-YAG laser beam production: “Q-switched“ and 
“mode-locked“. The former compresses energy in a single „nanosecond“ pulse, and the 
latter produces a series of ”picosecund“ pulses. In the “mode-locked” method, we have 
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a low energy power of single pulsations, while in the “Q-switched” method, pulse 
energy is higher at the same energy level. The “Q-switched” technology produces 
chiefly pulses whose main effect is mechanical – buckling. This is photodisruption,  
i.e., tearing of atoms with energy shocks. The effect of this method is creation of energy 
in the pipe being let through in short impulses, and during the still interval energy is 
kept, accumulated and enhanced, so that each impulse has a very high performing 
power. 

 
Figure 1. Q-switched pulse;   

 
Figure 2. Mode-locked pulse train 

The Nd-YAG laser beam causes damage to the tissue in the form of craters in the fields of 
vaporisation. The crater edges are carbonised, then towards the edges there follows the 
coagulation necrosis area, and at the far periphery the oedema area. 

Erbium-YAG laser has found a broad application in aesthetic plastic microsurgery of 
eyelids, in blepharochalasis, ectropium, and phthisis. Multifocal Erbium-YAG laser systems 
have a multiple use in ophthalmology, in the cataract phaco surgery, vitrectomy and 
sclerectomy. 

It is also used in dermatology for dermoabrasion for the skin rejuvenation.  
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2. Nd-Yag laser in ophthalmology 

Modern cataract microsurgery with implantation of intraocular lenses is inseparable from 
the Nd-YAG laser microsurgery. The microsurgery of glaucoma and problems of the 
posterior segment also imply the use of Nd-YAG laser. Application of Nd-YAG laser: 
 

 
Table 1. Clinical application of Nd-YAG laser in ophthalmology 

2.1. Nd-Yag laser posterior capsulotomy 

The most frequent practical application of Nd-YAG laser is in posterior capsulotomy and 
discission of secondary membranes in aphakic (conditions after the cataract surgery), and 
pseudophakic (conditions after the cataract surgery with implantation of intraocular lens 
into the anterior or posterior eye chamber) of the eyes. 

The surgical technique of intraocular lens placement is important for the development of 
posterior capsular opacity. The intraocular lens placement itself, manipulation with the iris, 
and lens contact with the posterior capsule may be a cause of accumulation of pigment on 
the lens anterior surface and development of opacity. Also, the lens implant size, its shape 
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kept, accumulated and enhanced, so that each impulse has a very high performing 
power. 

 
Figure 1. Q-switched pulse;   

 
Figure 2. Mode-locked pulse train 

The Nd-YAG laser beam causes damage to the tissue in the form of craters in the fields of 
vaporisation. The crater edges are carbonised, then towards the edges there follows the 
coagulation necrosis area, and at the far periphery the oedema area. 

Erbium-YAG laser has found a broad application in aesthetic plastic microsurgery of 
eyelids, in blepharochalasis, ectropium, and phthisis. Multifocal Erbium-YAG laser systems 
have a multiple use in ophthalmology, in the cataract phaco surgery, vitrectomy and 
sclerectomy. 

It is also used in dermatology for dermoabrasion for the skin rejuvenation.  
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2. Nd-Yag laser in ophthalmology 

Modern cataract microsurgery with implantation of intraocular lenses is inseparable from 
the Nd-YAG laser microsurgery. The microsurgery of glaucoma and problems of the 
posterior segment also imply the use of Nd-YAG laser. Application of Nd-YAG laser: 
 

 
Table 1. Clinical application of Nd-YAG laser in ophthalmology 

2.1. Nd-Yag laser posterior capsulotomy 

The most frequent practical application of Nd-YAG laser is in posterior capsulotomy and 
discission of secondary membranes in aphakic (conditions after the cataract surgery), and 
pseudophakic (conditions after the cataract surgery with implantation of intraocular lens 
into the anterior or posterior eye chamber) of the eyes. 

The surgical technique of intraocular lens placement is important for the development of 
posterior capsular opacity. The intraocular lens placement itself, manipulation with the iris, 
and lens contact with the posterior capsule may be a cause of accumulation of pigment on 
the lens anterior surface and development of opacity. Also, the lens implant size, its shape 
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and the type of material of which it is made have a significant impact on the development 
of secondary cataract. Posterior lens capsular opacity develops through the migration of 
epithelium from the remaining parts of the anterior lens capsule, proliferation of the 
remaining epithelial cells of the anterior pole of lens and lens fibres. Through their 
metaplasia, myofibroblasts are developed, forming folds, reticles, uneven membranes 
which are difficult to see biomicroscopically; they do not significantly affect visual acuity. 
If epithelial cells accumulate in the form of round, uneven, pearl-shaped opacity - 
Elschnig’s pearls - then such opacity reduces significantly vision.  There may be also some 
other causes of opacity of the posterior lens capsule: remaining parts of the lens cortex 
intraoperatively and after incomplete aspiration. Masses can incorporate between the 
implanted lens and posterior capsule. Also, the remaining parts of the lens nucleus, blood 
cells in hyphema, pigment cells of the iris and ciliary body may accumulate on the lens or 
posterior capsule. Low-virulent, slow-growing, still bacterial colonies such as 
Propionibacterium acnes may settle in the posterior capsule field and look like ordinary 
opacity. If we mistake them for normal capsular opacity and perform the laser 
capsulotomy, we have opened a path for bacteria into the vitreous body, which can result 
in the occurrence of endophthalmitis. 

 
Figure 3. Posterior capsular opacification  

Postoperative posterior capsular opacity leads to a fall of visual acuity. Patients complain of 
blurred images, they see things as if through “gauze or a sieve”. In the first postoperative 
year, opacity occurs in 83% patients and from the second to the fifth years in 50% cases. The 
Nd-YAG laser posterior capsulotomy is a routine technique with which we resolve the 
problem. With the laser beam we make the “fenestra” opening on the posterior capsule 
through which light beams reach the retina without obstruction and form a clear image of 
an object. 
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Figure 4. After Nd-YAG capsulotomy 

Prior to the intervention itself, it is necessary to examine the patient’s visual acuity, take 
intraocular pressure, examine biomicroscopically capsular opacity, direct and through the 
procedure of retroillumination of the capsule itself and the retrolental space. Opacity of the 
posterior lens capsule may be measured echographically, and the quantitative measuring 
“in vivo” with the Scheimpflug photographic computer system. The intervention is 
performed on the pupil dilated to the maximum, in the darkroom, with the surgeon’s prior 
adaptation to the dark,   with optimal enlargement on the biomicroscope, with the optimal 
light intensity, on the dilated pupil. The patient has to cooperate with the surgeon, keep still 
on the apparatus and follow the instructions from the surgeon in moving the eyes. The 
procedure is performed under local anaesthesia, by means of condensing Abraham or 
Peyman YAG planconvex contact lens for the posterior capsulotomy. Such lenses 
concentrate the laser beam to the smallest possible focus. At the same time, they immobilise 
the eye in restless patients. The angle of the incoming convergent laser beam depends on 
technical possibilities of the apparatus and it is selected by the surgeon. According to 
Eisner’s discussions, the widest incoming angle, with the smallest focal point (mark), and 
clear focusing produce the clean beam, with the highest energy concentration in the focus 
and the smallest energy dispersion in the cornea or retina. The most frequently used 
capsulotomy techniques are Seaman’s, which imply the knowledge of quality and thickness 
of opacity: 

a. the „vertical opening“ technique from 12 o'clock position to 6 o'clock position is applied 
in posterior capsular opacity; 

b. the „cross-shaped“ technique when horizontal cutting is performed by vertical opening 
from 9 o'clock position to 6 o'clock position; 
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c. the „concentric spreading“ technique from the periphery to the centre, in abundant 
secondary; 

d. the „fragmentation“ technique with the widening of opening edges in fibrous 
membranes. 

 
Figure 5. „Seaman's“ capsulotomy techniques 

Although the Nd-YAG laser capsulotomy is a non-invasive technique, efficient, painless, 
practical, easily-applicable, cost-effective, with fast recovery, today the method of choice, it 
is necessary that the laser surgery be performed by a well-trained, educated and 
experienced ophthalmologist. Only with the expertise and ethics of the laser surgeon can 
complications be avoided and reduced. All complications are a result of correlation of the 
laser action, methodological errors in performance and the condition of the eye. Use of the 
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Nd-YAG laser beam can lead to certain unwanted complications on the anterior and 
posterior poles of the eye. 

On the anterior segment, we usually have: damage to the corneal epithelium, corneal 
perforation, damage to the intraocular lens, dislocation of the intraocular lens, changes 
of intraocular pressure, development of iritis, and hemorrhage into the anterior 
chamber. 

On the posterior eye segment, the following complications can develop: rupture of the 
anterior hyaloid membrane, prolapse of the vitreous body into the anterior chamber, retinal 
rupture, cystic macular oedema, retinal detachment, retinal bleeding, macular fibrosis, 
macular rupture, and rarely endophthalmitis. 

2.2. A jump of intraocular pressure 

We have transient increase in IOP in 50-97% laser-treated patients after the posterior 
capsulotomy. Numerous investigations have shown that the highest jump takes place in 
the first four hours, and in the first 24-48 hours it returns to normal, stays increased by 5 
mmHg respectively in the first week. In some cases, the increased IOP may stay on for two 
or three months. The IOP maximal values after the laser capsulotomy are 50-60 mmHg. 
Transient IOP increase after the Nd-YAG laser posterior capsulotomy is explained by the 
mechanical obstruction of the trabecular exhaust system with the posterior capsular 
residual particles, inflammatory cells, and high-molecular soluble proteins of the lens. An 
increased secretion of the ciliary epithelium is considered to be a cause of extended 
intraocular hypertension as a consequence of the “shock” wave effect. Also, according to 
Terry AC’s opinion, there is a significant effect of prostglandins on the blood-aqueous 
barrier, which results in increased production of ocular water. The IOP jump is more 
frequent in the aphakic eye than in the pseudophakic eye. A higher IOP jump was proved 
in the lens implant into the anterior chamber compared to the eyes with the lens in the 
posterior chamber, or fixed to the iris. Glaucoma patients have a higher IOP jump 
compared to non-glaucoma patients. 

2.3. Corneal damage 

The laser beam, going through the cornea, may cause corneal oedema or perforation, 
usually unintentionally, due to the bad focusing or use of too much energy. The cornea 
absorbs 6% Nd-YAG laser energy, lens 15%, the vitreous body 36%. Capsulotomy causes a 
loss of endothelial cells of the cornea from 0 to 7%, but this loss does not decompensate the 
cornea.  

Corneal damages are a consequence of the mechanical destruction and a heat effect of the 
linearly and non-linearly absorbed laser energy.  Corneal epithelisation is completed in the 
first 24 hours. Corneal oedema may occur as secondary due to the increased IOP, or may be 
caused by exacerbation of inflammatory processes of the anterior segment after the YAG 
laser. 
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Figure 6. The Nd YAG laser procedure 

2.4. Iris haemorrhage   

As a consequence of damage to the delicate iris blood vessel by the laser beam during 
posterior capsulotomy, we can have bleeding in the anterior chamber with a slight pain. 
Incidence of this complication ranges from 1% to 3%. A slight pressure of the contact lens 
onto the cornea usually stops bleeding. 

2.5. Damage to the intraocular lens 

During posterior laser capsulotomy, damage to the intraocular lens may occur in 5% to 40% 
cases. They are usually recesses, fissures, cracks, lattice, and bursts of stellar shape. These 
damages affect visual acuity, especially if centrally located. They produce various visual 
effects, usually in the form of blinding glare, which affects the normal vision. The lens 
damage depends on individually and totally used energy, impulse duration, number of 
impulses, and the kind of the IOL material. Polymethylmethacrylat (PMMA) lenses may 
endure bigger energy without damages, and they are crater-shaped. Silicon lenses have 
damages in the form of smooth stratification. 

2.6. Dislocation of the intraocular lens 

Upon the Nd-YAG laser posterior capsulotomy, the IOL shifts to the vitreous body. The 
implanted lens shifting is monitored by measuring the depth of the anterior chamber with 
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ultrasound biometry. It is a dislocation of 25μm (from 9 to 55 μm) with SD 13. It is difficult 
to prove the effect of dislocation on visual acuity as capsulotomy is followed by 
improvement of visual acuity. 

2.7. Rupture of the anterior hyaloid membrane 

Rupture of the anterior hyaloids membrane occurs as a complication after the Nd-YAG laser 
capsulotomy in 19% cases, which enables a prolapse of the vitreous body into the anterior 
chamber.  

2.8. Prolapse of the vitreous body into the anterior chamber 

We usually notice this complication three weeks after capsulotomy within the scope from 
1.5% to 16%. Herniation of the vitreous body may cause an increased intraocular pressure. 
There are reports by the authors who, within a four-year period after intervention, do not 
find an increased IOP. Shifting of the vitreous body forward increases a danger of 
occurrence of macular oedema, retinal ruptures, and retinal detachment. 

2.9. Retinal ruptures 

After the laser posterior retinal capsulotomy, the number of retinal ruptures increases. The 
number, type and location of retinal ruptures are characteristic. They are asymptomatic, 
round, atrophic retinal ruptures observable usually a month upon capsulotomy, with 
incidence of 2.3%. The possibility of rupture occurrence is twice as big in laser-treated 
compared to non-laser treated eyes. Atrophic round retinal ruptures are more numerous 
than u-shaped ones. They occur in all meridians, including the macula, too. They may be 
isolated or within peripheral degenerations. They are chiefly localised in the upper temporal 
and nasal quadrants. 

2.10. Retinal detachment 

Occurrence of retinal detachment and retinal ruptures is statistically significantly more 
frequent in the eyes on which laser posterior capsulotomy was performed. Retinal 
detachment incidence after laser capsulotomy varies from 0.08% to 3.6% or 13% 
respectively, depending on the sample. Multiple studies have shown that post-laser 
retinal detachments occur more frequently in younger males. Risk factors, such as 
myopia, lattice degeneration, anamnesis of existence of retinal detachment on the other 
eye, and complicated surgeries, demonstrably increase the number of retinal 
detachments after capsulotomy. Retinal ablation development is influenced by tissue 
ionization and formation of gaseous “plasma”, which then expands accompanied with 
the “shock and acoustic” wave. After the laser incision of tissue, we have a condition of a 
latent stress which further disintegrates the structures. All the three mechanisms act 
simultaneously, and the extent of destruction of the tissue around the optimal 
“breakdown” area depends on the laser pulse total energy, time of occurrence, and 
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duration of electronic plasma, and the “shock” wave action. It is believed that the 
passage of the laser beam through the vitreous body and its “shock” and “acoustic” 
wave cause significant biochemical changes in the vitreous body. Animal experiments 
prove penetration of the physiological barrier, processes of depolymerisation of 
hyaluronic acid, liquefaction and separation of the vitreous body, and all this activates 
processes of vitreoretinal proliferation; as a consequence we have the occurrence of 
retinal ruptures and retinal detachment. 

2.11. Cystoid macular oedema 

Cystoid macular oedema incidence after the Nd-YAG laser capsulotomy varies in different 
authors from 0.5% to 4.9%. Oedema develops in first six months after the laser capsulotomy. 
Occurrence of cystoid macular oedema is related to the hyaloid membrane rupture, 
intraocular lens damage and a short time interval between the cataract surgery and laser 
intervention. Diagnosis is usually established on the basis of ophthalmoscopic finding and 
an unexpected fall of vision. Fluorescein angiography shows the flow of the contrast into the 
macular area. Fine and Brucker proved that cystoid macular oedema is a liquid which from 
perifoveolar capillaries pours via the damaged endothelium and accumulates in the 
plexiform, Henle’s layer. The laser beam passing through optical tissues releases 
prostaglandin and leukotriene from the iris, which triggers a change of permeability of 
parafoveolar capillaries. 

2.12. Macular rupture  

After the Nd-YAG laser capsulotomy, we can have macular ruptures as a consequence.  
They are observable as early as 24 hours upon capsulotomy, and in the period from 10 to 21 
days. They occur unilaterally more frequently, but there have been reports about bilateral 
occurrence as well. Macular rupture is almost always associated with other complications 
such as: a jump of intraocular pressure, prolapse of the vitreous body into the anterior 
chamber, macular haemorrhage, and occurrence of cystoid macular oedema. It manifests 
with a sudden fall of vision, appearance of central black spots and paracentral scotoma. 
They may create difficulties with recognition of colours. 

Post-capsulotomy macular rupture occurs as a consequence of several mechanisms: thermal 
damages, mechanical disruptions, “optical breakdown” which leads to blood vessel bursts 
of the retina and chorioidea, thus causing subretinal, intraretinal, and vitreal bleeding. The 
third mechanism is the “shock wave” responsible for the occurrence of a series of changes in 
the vitreous body leading to the separation and ablation of the vitreous body. As a 
secondary effect, there occurs contraction of the perifoveolar vitreous body creating tangent 
tractions. They are considered to be a cause of macular rupture occurrence. 

In most cases the macular rupture closes spontaneously within a period from three weeks to 
six months, and visual acuity improves significantly. Recently third-degree Gass macular 
ruptures are resolved surgically by vitrectomy with interior tamponade. After vitrectomy 
the macular rupture closes and visual acuity improves. 
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2.13. Macular fibrosis 

After the Nd-YAG laser capsulotomy, macula bleeding may follow. Blood resorption is 
accompanied with formation of preretinal and retinal fibrogliosis bands and membranes 
which can be filled with abnormal blood vessels. Occurrence of macular fibrosis, after the 
Nd-YAG laser capsulotomy, is statistically significant. Macular fibrosis significantly reduces 
visual acuity and it is followed with metamorphopsia. It is confirmed by ophthalmological 
examination, fluorescein angiography, and fundus microphotography. Histologically, 
macular fibrosis is made up of: cells of retinal pigment epithelium 51%, astocytes 29%, 
fibrocytes 14%, and myofibroblasts 7%. With the epiretinal peeling technique within 
vitrectomy, preretinal membranes are removed. This technique requires the surgeon’s 
enormous experience, and it gives significant results in the sphere of central visual 
functions. 

2.14. Other photomacular damages 

After the Nd-YAG laser capsulotomy, photomacular damages have incidence from 7% to 
20%. Most photomacular damages appear asymptomatically or with a minimal 
symptomatology due to their frequent extrafoveolar location. They may manifest as macular 
haemorrhage, subretinal, intraretinal, and preretinal bleeding, or as semi-ruptures. 
Sometimes bleeding may occur in the vitreous body, which significantly reduces vision 
transiently. Despite big, visible, semi-ruptured macular changes, the condition may be 
almost fully repaired after the Nd-YAG laser capsulotomy. 

2.15. Endophthalmitis  

After the Nd-YAG laser capsulotomy, there may develop endophthalmitis. It develops from 
the fifth day to the sixth week after intervention. Proved causative agents are 
Propionibacterium acnes and Staphylococcus epidermis all-present, saprophyte bacteria 
with a low degree of pathogenicity.  They are found in the normal conjunctival flora. 
Propionibacterium acnes is gram-positive, anaerobic, producing lipolytic enzyme which 
serves as a trigger of inflammatory processes. During the extra-capsular cataract extraction 
with lens implantation, bacteria are brought into the eye. The Nd-YAG laser capsulotomy is 
an activating factor, a trigger for the development of the anterior uveitis, which then spreads 
into panuveitis, endophthalmitis respectively. Formation of the fenestra on the posterior 
capsule, often on the anterior hyloid membrane as well, opens the path for bacteria from the 
anterior to the posterior ocular chamber, i.e., into the middle and posterior parts of the 
vitreous body. Diagnosis is confirmed by the characteristic ophthalmological picture, i.e., 
positive cultures of ocular water and vitreous body. The ocular water culture grows in nine 
days, while the vitreous body culture is earlier and more frequently positive. 

Research has shown that the most common complication is a jump of ocular pressure, then 
damage to the intraocular lens, anterior hyaloid membrane rupture, bleeding in the anterior 
chamber, retinal rupture, and macular fibrosis. 
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occurrence as well. Macular rupture is almost always associated with other complications 
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with a sudden fall of vision, appearance of central black spots and paracentral scotoma. 
They may create difficulties with recognition of colours. 
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of the retina and chorioidea, thus causing subretinal, intraretinal, and vitreal bleeding. The 
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the vitreous body leading to the separation and ablation of the vitreous body. As a 
secondary effect, there occurs contraction of the perifoveolar vitreous body creating tangent 
tractions. They are considered to be a cause of macular rupture occurrence. 

In most cases the macular rupture closes spontaneously within a period from three weeks to 
six months, and visual acuity improves significantly. Recently third-degree Gass macular 
ruptures are resolved surgically by vitrectomy with interior tamponade. After vitrectomy 
the macular rupture closes and visual acuity improves. 
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2.13. Macular fibrosis 

After the Nd-YAG laser capsulotomy, macula bleeding may follow. Blood resorption is 
accompanied with formation of preretinal and retinal fibrogliosis bands and membranes 
which can be filled with abnormal blood vessels. Occurrence of macular fibrosis, after the 
Nd-YAG laser capsulotomy, is statistically significant. Macular fibrosis significantly reduces 
visual acuity and it is followed with metamorphopsia. It is confirmed by ophthalmological 
examination, fluorescein angiography, and fundus microphotography. Histologically, 
macular fibrosis is made up of: cells of retinal pigment epithelium 51%, astocytes 29%, 
fibrocytes 14%, and myofibroblasts 7%. With the epiretinal peeling technique within 
vitrectomy, preretinal membranes are removed. This technique requires the surgeon’s 
enormous experience, and it gives significant results in the sphere of central visual 
functions. 

2.14. Other photomacular damages 

After the Nd-YAG laser capsulotomy, photomacular damages have incidence from 7% to 
20%. Most photomacular damages appear asymptomatically or with a minimal 
symptomatology due to their frequent extrafoveolar location. They may manifest as macular 
haemorrhage, subretinal, intraretinal, and preretinal bleeding, or as semi-ruptures. 
Sometimes bleeding may occur in the vitreous body, which significantly reduces vision 
transiently. Despite big, visible, semi-ruptured macular changes, the condition may be 
almost fully repaired after the Nd-YAG laser capsulotomy. 

2.15. Endophthalmitis  

After the Nd-YAG laser capsulotomy, there may develop endophthalmitis. It develops from 
the fifth day to the sixth week after intervention. Proved causative agents are 
Propionibacterium acnes and Staphylococcus epidermis all-present, saprophyte bacteria 
with a low degree of pathogenicity.  They are found in the normal conjunctival flora. 
Propionibacterium acnes is gram-positive, anaerobic, producing lipolytic enzyme which 
serves as a trigger of inflammatory processes. During the extra-capsular cataract extraction 
with lens implantation, bacteria are brought into the eye. The Nd-YAG laser capsulotomy is 
an activating factor, a trigger for the development of the anterior uveitis, which then spreads 
into panuveitis, endophthalmitis respectively. Formation of the fenestra on the posterior 
capsule, often on the anterior hyloid membrane as well, opens the path for bacteria from the 
anterior to the posterior ocular chamber, i.e., into the middle and posterior parts of the 
vitreous body. Diagnosis is confirmed by the characteristic ophthalmological picture, i.e., 
positive cultures of ocular water and vitreous body. The ocular water culture grows in nine 
days, while the vitreous body culture is earlier and more frequently positive. 

Research has shown that the most common complication is a jump of ocular pressure, then 
damage to the intraocular lens, anterior hyaloid membrane rupture, bleeding in the anterior 
chamber, retinal rupture, and macular fibrosis. 
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Development of complications is significantly affected by a total of applied energy, number 
of pulsations, individual pulse energy, and opening diameter made during capsulotomy. 

To prevent complications, the suggested optimal pulse energy is up to 2.0 mJ, total applied 
energy of 200-300 mJ. The optimal size of the opening made on the posterior capsule is  
4 mm.  

 
Figure 7. Endophthalmitis after Nd-YAG laser capsulotomy 

3. Neodymium Yag laser iridectomy 

Nd-YAG laser is used as an alternative treatment to the classic iridectomy in primary 
glaucoma of the closed angle, puppilary block, and secondary glaucoma of various 
mechanisms of origin. 

Intervention is performed under local anaesthesia, in artificial myosis provoked by 2-4% 
pilocarpine. Abraham or Goldmann lenses are used. A total to be applied is from 1 to 12 mJ, 
usually from 3 to 5 mJ through 1-10 applications. The most common location is the central 
part of the iris on the basis of the iris crypts in the upper nasal quadrant in the 10:30 
meridian, or the upper temporal quadrant in the 1:30 meridian. Studies carried out on a 
larger sample point to a successful iridectomy in 99% cases. After 1-2 hours intraocular 
pressure falls. The use of corticosteroid drops is suggested in the postoperative period. 
Upon the Nd-YAG laser iridectomy, there may occur complications described earlier in the 
chapter on posterior capsulotomy. 

 
Clinical Application of Photodisruptors in Ophthalmology 91 

4. Nd-Yag laser on the posterior segment 

Within diabetic retinopathy, the Valsalva retinopathy, or a sudden rupture of arterial retinal 
aneurysm, premacular haemorrhage may develop with a sudden loss of vision. According 
to the accepted opinions, such condition could be observed, waiting for spontaneous 
haemorrhage resorption. Vitrectomy with premacular haemorrhage aspiration is certainly a 
more effective method. Today membranectomy with the double-frequency Nd-YAG laser is 
offered a as an alternative therapy. 

 
Figure 8. Preretinal haemorrhage 

By this intervention, we drain haemorrhage and speed up blood resorption. Immediately 
upon the laser intervention, vision improves significantly. So today the Nd-YAG laser 
membranectomy, in premacular haemorrhage, occurs as a non-invasive alternative method 
to vitrectomy, due to the good results it achieves.  Within proliferative diabetic retinopathy 
with vitreoretinal proliferation, Neodymium-YAG laser may be used to cut adhesions 
located in the central and posterior vitreous. Prior to that, bases of such proliferations may 
be ensured by placing argon laser barriers. We can have adhesions in the anterior vitreous 
body as well; we see them after cataract operations complicated with the vitreous body 
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prolapse and development of iridicyclitis. In these interventions, special Peyman lenses are 
used for the middle and posterior vitreous. 

5. Erbium-Yag laser 

Erbium-YAG laser has also found its application in ophthalmology in phaco surgeries. 
Micropulse laser waves break up blurred lenses, which is followed with aspiration of the 
broken up and fragmented masses. The laser beam, in this surgery, is an alternative to the 
ultrasound wave. Erbium-YAG laser, which is introduced by means of special endo-probes 
into the bulbus, is used in sclerectomy and vitrectomy.  
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1. Introduction 

Contact lenses are a safe and effective mode of vision correction and today’s industry offers 
wearers the choice of continuous wear, overnight orthokeratology, frequent-replacement or 
daily-disposable lenses among others. However, despite these options, including different 
care and maintenance systems, there are still features of contact lenses that could be 
improved such as possible microbial contamination (Weisbarth et al., 2007).   

Microbial keratitis (MK) is a serious complication of contact lens (CL) wear that can lead to 
vision impairment (Buehler et al., 1992; Catalonotti et al., 2005; Leitch et al., 1998; Mah-
Sadorra et al., 2005; Keay et al., 2009). Although the incidence of CL-related MK is only 0.02–
0.5% (Cheng et al., 1999; Holden et al., 2005), the use of CL is so wide-spread that the 
problem may affect several millions of people and must therefore be considered a major 
health threat.  

The CL surface is a suitable substrate for bacterial adhesion and biofilm formation, and can 
sustain the growth of microorganisms in prolonged contact with the cornea (Elder et al., 
1995). In addition, CL wear may impair the immune response of the cornea by distorting its 
epithelial barrier function, and thus promote MK (Liesegang, 2002). To improve the 
corneal/CL interface, new soft hydrogel lens materials incorporate several co-polymers, 
including silicone polymers for increased oxygen permeability and phosphoryl-choline to 
increase biocompatibility. Further, the new modalities of wear, such as daily disposable 
(DD) hydrogel CL, avoid the need for regular cleaning and storage, which are known to be 
an important cause of microbial contamination (Laughlin-Borlace et al., 1998). However, 
several studies have surprisingly shown that users of DD and silicone hydrogel CL do not 
show a reduced risk of MK (Dart et al., 2008; Stapleton et al., 2008; Willcox et al., 2010). In 
effect, in the paper by Dart et al., differences in soft CL design and/or the composing 
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polymer rather than the mode of wear were found to determine susceptibility to MK (Dart 
et al., 2008).   

The process of initial adhesion of bacteria to the CL surface has been extensively examined 
in terms of the physical and chemical properties of both the bacterial cell and CL surface, 
such as hydrophobicity and roughness. Thus, the results of several in vivo studies suggest 
that a rougher CL surface is prone to more extensive bacterial adhesion (Bruinsma et al., 
2002; Bruinsma et al., 2003) since imperfections in the lens surface is where deposits are 
likely to form (Hosaka et al., 1983). Also, depending on the surface thermodynamics, 
hydrophilic strains seem to preferentially adhere to hydrophilic surfaces, while more 
hydrophobic strains have a preference for hydrophobic surfaces (Bos et al., 1999; Bruinsma 
et al., 2001). Apart from lens surface factors, adhesion is also conditioned by features of the 
bacterial surface including flagella and fimbriae (Fletcher et al., 1993a; Fletcher et al., 1993b; 
Gupta et al., 1994; Gupta et al., 1996; Willcox et al., 2001; Donlan, 2002; Donlan, 2002; Kogure 
et al., 1998; Morisaki et al., 1999) or the presence or release of extracellular substances such 
as polysaccharides, proteins and biosurfactants (Mack et al., 1999; Mack et al., 1996; Mack et 
al., 1994).  

Occasionally, a contact lens wearer will suffer an adverse response to a lens. These problems 
are frequently caused by bacterial contamination of the contact lens surface, and MK is one 
of the most feared complications (Patel and Hammersmith, 2008; Stapleton et al., 2008). 
Contact lenses absorb tear film proteins and lipids and this induces lens contamination and 
deterioration. Moreover, the build-up of tear film components on contact lenses can cause 
discomfort and inflammatory complications such as giant papillary conjunctivitis (GPC) 
(Skotnitsky et al., 2002; Skotnitsky et al., 2006), and this may occur with any type of daily or 
extended wear lenses (Donshik PC, 2003). This adsorption depends mainly on the contact 
lens material, and varies according to the tear secretion rate and certain pathological 
conditions.  Research on conventional poly-HEMA-based lens materials has shown that the 
deposition of lysozyme and albumin depends upon the polymer’s composition (Bohnert et 
al., 1988), charge (Garrett et al., 2000; Soltys-Robitaille et al., 2001) and water content (Garrett 
et al., 1999). Silicone-hydrogel materials give rise to different deposition profiles to those 
associated with the use of conventional poly-HEMA hydrogel lenses in that they induce less 
protein deposition and more lipid deposition (Jones et al., 2003; Subbaraman et al., 2006; 
Carney et al., 2008).  Surface roughness also need to be considered since deposits are more 
likely to form on imperfections of the lens surface (Hosaka et al., 1983). It was also 
previously demonstrated that as surface roughness increases, the biofilm deposited on the 
lens also increases (Baguet et al., 1995) and that bacterial transfer from a contact lens is 
determined by the roughness and hydrophobicity of the surface receiving the bacteria 
(Vermeltfoort et al., 2004).  

Further, a smooth surface is essential for the optical quality of a contact lens since reduced 
scattered light improves the performance of an optical system (Bennett, 1992). 
Developments in soft contact lens materials continue to be an important issue, since the 
performance and comfort of a contact lens will depend on the material, its surface 
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architecture and the quality of the lens manufacturing process (Lorentz et al., 2007; Riley et 
al., 2006; Guillon and Maissa, 2007). In addition, the performance of contact lenses does not 
remain constant over time and lens surface changes induced by wear will affect their 
performance and determine a need to replace the lens. 

The aim of this chapter was to qualitatively and quantitatively characterize the surfaces of 
unworn hydrogel contact lenses using Atomic Force Microscopy (AFM) and White Light 
Optical Profiling (WLOP), and to analyze how these surface characteristics affect on 
bacterial adhesion.  

2. Contact lens surface roughness 

2.1. Roughness parameters  

The actual geometry of a surface is very complex (Gadelmawla et al., 2002). Even areas 
considered "very smooth" show a complex mix of geometric features. Surface roughness is 
becoming increasingly important for applications in many fields (Bennett, 1992). Among 
other factors, surface roughness of devices in direct contact with living systems will 
influence their biological reactivity. How a surface is finished is an important factor for a 
good operation of many types of products, which include optical products (Bennett, 1992), 
related to engineering (Blunt, 2006), food (Sheen et al., 2008; Wang et al., 2009) and 
biomedical products (Hooton et al., 2004; Hooton et al., 2006; Linneweber et al., 2007; Lee et 
al., 2009). The surface of any body or object is the part which interacts with the surrounding 
environment. Roughness is a biological factor that affects in a molecular scale, the manner in 
which bacteria adhere to surfaces, above all for initial adhesion. (Mitik-Dineva et al., 2008; 
Mitik-Dineva et al., 2009). The real geometry of a surface is so complex that only by 
increasing the number of parameters used can a more accurate description be obtained 
(Gadelmawla et al., 2002). Surface parameters can be considered as height and shape 
parameters: 

2.1.1. Height parameters 

The parameters generally used to quantify roughness include height parameters such as 
average roughness (Ra), mean-square-roughness (Rms) and Maximum Roughness (Rmax) 
(Baguet et al., 1993; Guryca et al., 2007; Bhatia et al., 1997; Hinojosa Rivera and Reyes Melo, 
2001; Lira et al., 2008; Gonzalez-Meijome et al., 2009; Giraldez et al., 2010a; Giraldez et al., 
2010c; Gonzalez-Meijome et al., 2006a). Ra is the average deviation or arithmetic mean of the 
profile from the mean line; it is universally accepted and is the most used international 
parameter of roughness. Rms is the standard deviation from the mean surface plane. 
Although Ra and Rms seem to be the most informative and consistent parameters used to 
define the surface topography of contact lenses (Gonzalez-Meijome et al., 2006a), they both 
show a dependency on sample length (Hinojosa Rivera and Reyes Melo, 2001; Kiely and 
Bonnell, 1997; Kitching et al., 1999). Degree of their variation with sample length could be 
representative of how homogeneous a surface is in its irregularities distribution. Rmax is the 
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polymer rather than the mode of wear were found to determine susceptibility to MK (Dart 
et al., 2008).   

The process of initial adhesion of bacteria to the CL surface has been extensively examined 
in terms of the physical and chemical properties of both the bacterial cell and CL surface, 
such as hydrophobicity and roughness. Thus, the results of several in vivo studies suggest 
that a rougher CL surface is prone to more extensive bacterial adhesion (Bruinsma et al., 
2002; Bruinsma et al., 2003) since imperfections in the lens surface is where deposits are 
likely to form (Hosaka et al., 1983). Also, depending on the surface thermodynamics, 
hydrophilic strains seem to preferentially adhere to hydrophilic surfaces, while more 
hydrophobic strains have a preference for hydrophobic surfaces (Bos et al., 1999; Bruinsma 
et al., 2001). Apart from lens surface factors, adhesion is also conditioned by features of the 
bacterial surface including flagella and fimbriae (Fletcher et al., 1993a; Fletcher et al., 1993b; 
Gupta et al., 1994; Gupta et al., 1996; Willcox et al., 2001; Donlan, 2002; Donlan, 2002; Kogure 
et al., 1998; Morisaki et al., 1999) or the presence or release of extracellular substances such 
as polysaccharides, proteins and biosurfactants (Mack et al., 1999; Mack et al., 1996; Mack et 
al., 1994).  

Occasionally, a contact lens wearer will suffer an adverse response to a lens. These problems 
are frequently caused by bacterial contamination of the contact lens surface, and MK is one 
of the most feared complications (Patel and Hammersmith, 2008; Stapleton et al., 2008). 
Contact lenses absorb tear film proteins and lipids and this induces lens contamination and 
deterioration. Moreover, the build-up of tear film components on contact lenses can cause 
discomfort and inflammatory complications such as giant papillary conjunctivitis (GPC) 
(Skotnitsky et al., 2002; Skotnitsky et al., 2006), and this may occur with any type of daily or 
extended wear lenses (Donshik PC, 2003). This adsorption depends mainly on the contact 
lens material, and varies according to the tear secretion rate and certain pathological 
conditions.  Research on conventional poly-HEMA-based lens materials has shown that the 
deposition of lysozyme and albumin depends upon the polymer’s composition (Bohnert et 
al., 1988), charge (Garrett et al., 2000; Soltys-Robitaille et al., 2001) and water content (Garrett 
et al., 1999). Silicone-hydrogel materials give rise to different deposition profiles to those 
associated with the use of conventional poly-HEMA hydrogel lenses in that they induce less 
protein deposition and more lipid deposition (Jones et al., 2003; Subbaraman et al., 2006; 
Carney et al., 2008).  Surface roughness also need to be considered since deposits are more 
likely to form on imperfections of the lens surface (Hosaka et al., 1983). It was also 
previously demonstrated that as surface roughness increases, the biofilm deposited on the 
lens also increases (Baguet et al., 1995) and that bacterial transfer from a contact lens is 
determined by the roughness and hydrophobicity of the surface receiving the bacteria 
(Vermeltfoort et al., 2004).  

Further, a smooth surface is essential for the optical quality of a contact lens since reduced 
scattered light improves the performance of an optical system (Bennett, 1992). 
Developments in soft contact lens materials continue to be an important issue, since the 
performance and comfort of a contact lens will depend on the material, its surface 
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architecture and the quality of the lens manufacturing process (Lorentz et al., 2007; Riley et 
al., 2006; Guillon and Maissa, 2007). In addition, the performance of contact lenses does not 
remain constant over time and lens surface changes induced by wear will affect their 
performance and determine a need to replace the lens. 

The aim of this chapter was to qualitatively and quantitatively characterize the surfaces of 
unworn hydrogel contact lenses using Atomic Force Microscopy (AFM) and White Light 
Optical Profiling (WLOP), and to analyze how these surface characteristics affect on 
bacterial adhesion.  

2. Contact lens surface roughness 

2.1. Roughness parameters  

The actual geometry of a surface is very complex (Gadelmawla et al., 2002). Even areas 
considered "very smooth" show a complex mix of geometric features. Surface roughness is 
becoming increasingly important for applications in many fields (Bennett, 1992). Among 
other factors, surface roughness of devices in direct contact with living systems will 
influence their biological reactivity. How a surface is finished is an important factor for a 
good operation of many types of products, which include optical products (Bennett, 1992), 
related to engineering (Blunt, 2006), food (Sheen et al., 2008; Wang et al., 2009) and 
biomedical products (Hooton et al., 2004; Hooton et al., 2006; Linneweber et al., 2007; Lee et 
al., 2009). The surface of any body or object is the part which interacts with the surrounding 
environment. Roughness is a biological factor that affects in a molecular scale, the manner in 
which bacteria adhere to surfaces, above all for initial adhesion. (Mitik-Dineva et al., 2008; 
Mitik-Dineva et al., 2009). The real geometry of a surface is so complex that only by 
increasing the number of parameters used can a more accurate description be obtained 
(Gadelmawla et al., 2002). Surface parameters can be considered as height and shape 
parameters: 

2.1.1. Height parameters 

The parameters generally used to quantify roughness include height parameters such as 
average roughness (Ra), mean-square-roughness (Rms) and Maximum Roughness (Rmax) 
(Baguet et al., 1993; Guryca et al., 2007; Bhatia et al., 1997; Hinojosa Rivera and Reyes Melo, 
2001; Lira et al., 2008; Gonzalez-Meijome et al., 2009; Giraldez et al., 2010a; Giraldez et al., 
2010c; Gonzalez-Meijome et al., 2006a). Ra is the average deviation or arithmetic mean of the 
profile from the mean line; it is universally accepted and is the most used international 
parameter of roughness. Rms is the standard deviation from the mean surface plane. 
Although Ra and Rms seem to be the most informative and consistent parameters used to 
define the surface topography of contact lenses (Gonzalez-Meijome et al., 2006a), they both 
show a dependency on sample length (Hinojosa Rivera and Reyes Melo, 2001; Kiely and 
Bonnell, 1997; Kitching et al., 1999). Degree of their variation with sample length could be 
representative of how homogeneous a surface is in its irregularities distribution. Rmax is the 
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maximum peak-to-valley height identified within the observed area. It could be affected by 
local imperfections or sample contamination leading to higher values than expected, so 
material characterization based on this parameter could be unreliable. 

2.1.2. Shape parameters 

Two statistical parameters of roughness, not generally used to analyze contact lens surfaces, 
are kurtosis (Rku) and skewness (Rsk). Rku is a measure of the sharpness of the profile about 
the mean line that provides information on the distribution of spikes above and below the 
mean line. Thus, spiky surfaces will have a high kurtosis value (Rku > 3) and bumpy surfaces 
a low value (Rku < 3). Rsk is a measure of the symmetry of the profile about the mean line, 
giving information on asymmetrical profiles for surfaces with the same values of Ra and Rms. 
Negative values of Rsk indicate a predominance of troughs, while positive ones are observed 
for surfaces with peaks. The use of both shape parameters, Rku and Rsk, which serve to 
distinguish between two profiles with the same Ra and/or Rms, (Gadelmawla et al., 2002) has 
been reported in several biomedical fields (Hansson, 2000; Olefjord and Hansson, 1993; 
Yang et al., 2007; Linde et al., 1989; Zyrianov, 2005; Raulio et al., 2008; Szmukler-Moncler et 
al., 2004; Cehreli et al., 2008). Figure 1 shows the amplitude distributions/shape profiles of 
two surfaces with a similar Ra but different values of Rsk or Rku (Gadelmawla et al., 2002).  

The clinical applications of Rku and Rsk in the contact lens field could be to provide a 
measure of the susceptibility of a contact lens surface to deposit formation or colonization 
by microorganisms. Also, different shapes could determine a greater specific surface area, 
and thus more available active sites for thermodynamic reactions. As two surfaces with 
similar Ra or Rms could differ in shape (Figure 1), they may also differ in their performance. 

 
Figure 1. Amplitude distribution curve about the mean line for two surfaces showing similar Ra values 
but different values of Rsk (a) or Rku (b). 

2.2. Surface roughness measurement 

A wide variety of methods are available for measuring surface roughness and the light 
scattering the roughness produces. As commented previously, the apparent surface 
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roughness depends upon the size of the sample area, so in order to provide a better 
description of the surface roughness, measurements  must be acquired for a variety of 
sample sizes (Kiely and Bonnell, 1997; Kitching et al., 1999); with roughness parameters 
being calculated for areas with different location and size. 

2.2.1. Atomic force microscopy  

Atomic force microscopy (AFM) provides detailed information on the surface characteristics 
of contact lenses (Bhatia et al., 1997; Baguet et al., 1993; Baguet et al., 1995; Bruinsma et al., 
2003; Lira et al., 2008; Guryca et al., 2007; Gonzalez-Meijome et al., 2006a; Gonzalez-Meijome 
et al., 2009; Teichroeb et al., 2008; Maldonado-Codina and Efron, 2005) and is a powerful 
tool for the high resolution examination of the structure of the hydrated contact lens surface. 
The method has the advantages that it avoids artefacts due to dehydration and coating 
(Bhatia et al., 1997; Kim et al., 2002), and allows for non-destructive surface topography and 
roughness measurements. AFM consists of a microscale cantilever with a sharp tip (probe) 
that is used to scan the specimen surface. The cantilever is typically made of silicon or 
silicon nitride with a tip radius of curvature of the order of nanometers. When the tip is 
brought into the proximity of a sample surface, forces between the tip and the sample cause 
the cantilever to deflect according to Hooke's law. (Lira et al., 2008) The advantage of AFM 
over conventional microscopy or scanning electron microscopy (SEM) is the high level 
resolution offered in three dimensions and that topographic information can be obtained in 
aqueous, nonaqueous or dry conditions, eliminating the need for sample preparation (e.g., 
dehydration, freezing or coating). In effect, AFM has proved useful for characterizing tear 
deposits on worn soft contact lens surfaces (Baguet et al., 1995; Rebeix et al., 2000) or 
characterizing the rigid gas permeable contact lens surface (Bruinsma et al., 2003). In fact, 
detailed information about the surface quality of CL has been studied previously by Atomic 
Force Microscopy (AFM) (Bhatia et al., 1997; Baguet et al., 1993; Baguet et al., 1995; Bruinsma 
et al., 2003; Gonzalez-Meijome et al., 2006a; Gonzalez-Meijome et al., 2009; Giraldez et al., 
2010c) and Cryo-SEM (Gonzalez-Meijome et al., 2006b; Guryca et al., 2007). AFM is a very 
powerful tool for high resolution examination of hydrated CL surface structure. The method 
avoids artifacts due to dehydration and coating (Bhatia et al., 1997; Kim et al., 2002). 
However, when using AFM to analyse CL surface the area of measurement is very small, so 
it may be answered how representative of the total lens are Ra and Rms obtained by AFM. 
Cryo-SEM, a modification of the Scanning Electron Microscopy (SEM), requires that the 
material be frozen in nitrogen before examination (Serp et al., 2002). In hydrogels, this 
usually means the destruction of the material, which is the main disadvantage of this 
technique.  

2.2.2. White Light Optical Perfilometer  

White Light Optical Perfilometer  (WLOP) is one of the preferred methods of precision 
surface characterization in many fields (Caber, 1993; Windecker and Tiziani, 1999; Bennett, 
1992; O'Mahony et al., 2003). WLOP is a topographic technique, that as well as AFM, enables 
the analysis of surface topography and roughness by means of a nondestructively 
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maximum peak-to-valley height identified within the observed area. It could be affected by 
local imperfections or sample contamination leading to higher values than expected, so 
material characterization based on this parameter could be unreliable. 

2.1.2. Shape parameters 

Two statistical parameters of roughness, not generally used to analyze contact lens surfaces, 
are kurtosis (Rku) and skewness (Rsk). Rku is a measure of the sharpness of the profile about 
the mean line that provides information on the distribution of spikes above and below the 
mean line. Thus, spiky surfaces will have a high kurtosis value (Rku > 3) and bumpy surfaces 
a low value (Rku < 3). Rsk is a measure of the symmetry of the profile about the mean line, 
giving information on asymmetrical profiles for surfaces with the same values of Ra and Rms. 
Negative values of Rsk indicate a predominance of troughs, while positive ones are observed 
for surfaces with peaks. The use of both shape parameters, Rku and Rsk, which serve to 
distinguish between two profiles with the same Ra and/or Rms, (Gadelmawla et al., 2002) has 
been reported in several biomedical fields (Hansson, 2000; Olefjord and Hansson, 1993; 
Yang et al., 2007; Linde et al., 1989; Zyrianov, 2005; Raulio et al., 2008; Szmukler-Moncler et 
al., 2004; Cehreli et al., 2008). Figure 1 shows the amplitude distributions/shape profiles of 
two surfaces with a similar Ra but different values of Rsk or Rku (Gadelmawla et al., 2002).  

The clinical applications of Rku and Rsk in the contact lens field could be to provide a 
measure of the susceptibility of a contact lens surface to deposit formation or colonization 
by microorganisms. Also, different shapes could determine a greater specific surface area, 
and thus more available active sites for thermodynamic reactions. As two surfaces with 
similar Ra or Rms could differ in shape (Figure 1), they may also differ in their performance. 

 
Figure 1. Amplitude distribution curve about the mean line for two surfaces showing similar Ra values 
but different values of Rsk (a) or Rku (b). 

2.2. Surface roughness measurement 

A wide variety of methods are available for measuring surface roughness and the light 
scattering the roughness produces. As commented previously, the apparent surface 
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roughness depends upon the size of the sample area, so in order to provide a better 
description of the surface roughness, measurements  must be acquired for a variety of 
sample sizes (Kiely and Bonnell, 1997; Kitching et al., 1999); with roughness parameters 
being calculated for areas with different location and size. 

2.2.1. Atomic force microscopy  

Atomic force microscopy (AFM) provides detailed information on the surface characteristics 
of contact lenses (Bhatia et al., 1997; Baguet et al., 1993; Baguet et al., 1995; Bruinsma et al., 
2003; Lira et al., 2008; Guryca et al., 2007; Gonzalez-Meijome et al., 2006a; Gonzalez-Meijome 
et al., 2009; Teichroeb et al., 2008; Maldonado-Codina and Efron, 2005) and is a powerful 
tool for the high resolution examination of the structure of the hydrated contact lens surface. 
The method has the advantages that it avoids artefacts due to dehydration and coating 
(Bhatia et al., 1997; Kim et al., 2002), and allows for non-destructive surface topography and 
roughness measurements. AFM consists of a microscale cantilever with a sharp tip (probe) 
that is used to scan the specimen surface. The cantilever is typically made of silicon or 
silicon nitride with a tip radius of curvature of the order of nanometers. When the tip is 
brought into the proximity of a sample surface, forces between the tip and the sample cause 
the cantilever to deflect according to Hooke's law. (Lira et al., 2008) The advantage of AFM 
over conventional microscopy or scanning electron microscopy (SEM) is the high level 
resolution offered in three dimensions and that topographic information can be obtained in 
aqueous, nonaqueous or dry conditions, eliminating the need for sample preparation (e.g., 
dehydration, freezing or coating). In effect, AFM has proved useful for characterizing tear 
deposits on worn soft contact lens surfaces (Baguet et al., 1995; Rebeix et al., 2000) or 
characterizing the rigid gas permeable contact lens surface (Bruinsma et al., 2003). In fact, 
detailed information about the surface quality of CL has been studied previously by Atomic 
Force Microscopy (AFM) (Bhatia et al., 1997; Baguet et al., 1993; Baguet et al., 1995; Bruinsma 
et al., 2003; Gonzalez-Meijome et al., 2006a; Gonzalez-Meijome et al., 2009; Giraldez et al., 
2010c) and Cryo-SEM (Gonzalez-Meijome et al., 2006b; Guryca et al., 2007). AFM is a very 
powerful tool for high resolution examination of hydrated CL surface structure. The method 
avoids artifacts due to dehydration and coating (Bhatia et al., 1997; Kim et al., 2002). 
However, when using AFM to analyse CL surface the area of measurement is very small, so 
it may be answered how representative of the total lens are Ra and Rms obtained by AFM. 
Cryo-SEM, a modification of the Scanning Electron Microscopy (SEM), requires that the 
material be frozen in nitrogen before examination (Serp et al., 2002). In hydrogels, this 
usually means the destruction of the material, which is the main disadvantage of this 
technique.  

2.2.2. White Light Optical Perfilometer  

White Light Optical Perfilometer  (WLOP) is one of the preferred methods of precision 
surface characterization in many fields (Caber, 1993; Windecker and Tiziani, 1999; Bennett, 
1992; O'Mahony et al., 2003). WLOP is a topographic technique, that as well as AFM, enables 
the analysis of surface topography and roughness by means of a nondestructively 
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methodology. It is a powerful and well-established technique for non-contact measurement 
of surface topography for quickly determining three-dimensional surface shape over larger 
areas at high vertical and moderate lateral resolution (Bennett, 1992; O'Mahony et al., 2003; 
Novak et al., 2003). Two modes of operation are generally available for the optical profilers. 
For smooth surfaces the phase-shifting integrating bucket technique (PSI) is generally used 
since it gives sub-nanometer height resolution capability. For rougher surfaces, a vertical 
scanning coherence sensing technique can be used to give a nanometer height resolution 
over several hundred microns of surface height. WLOP allows analyze larger areas than 
techniques used before in contact lenses, so the values and statistics could be more 
representative of roughness distribution over the lens surface. Topographic information can 
be obtained from the surface in aqueous conditions.  

2.3. Contact lens surface roughness characteristics  

Surface topography and roughness parameters showed different characteristics depending 
on the type of contact lens (material, water content, manufacture system, replacement 
frequency). Moreover roughness varies with magnification, so the size of the measured area 
must be considered when comparing the results of different studies (Kiely and Bonnell, 
1997; Kitching et al., 1999).  Ra is the arithmetic mean of the departures of the profile from 
the mean line (Hinojosa Rivera and Reyes Melo, 2001). Thus, it should not vary with 
magnification for a surface with homogeneously distributed irregularities, regardless of 
how smooth or rough the surface is. However, the irregularities of most surfaces are not 
perfectly homogeneously distributed, and effectively differences in contact lens surface 
roughness values have been observed at different magnifications, with higher roughness 
scores obtained for larger areas more enlarged areas (Gonzalez-Meijome et al., 2006a). 
Hence, the amount of variation could reflect how homogeneous a surface is.   

Contact lens surface characteristics determined by AFM and by WLOP are presented in the 
next sections. 

2.3.1. CL surface roughness by AFM 

Contact lens surfaces roughness and topography can be determined by AFM (Veeco, 
multimode-nanoscope V) in tapping mode™. (Giraldez et al., 2010c)  Although the method 
used is the same as for dry conditions, a special cell could be necessary so measurements 
could be made on the lenses in their original shipping fluid (physiological saline) to keep CL 
hydrated during microscopy observation. All procedures and examinations must be 
conducted in the same room kept at 21ºC and approximately 50% relative humidity. Then 
images have to be processed, for example, using the Vision®32 and Nanoscope v7.20 
software packages.   

Table 1 and table 2 shows height (Ra and Rms) and shape (Rku and Rsk) parameters of 6 
hydrogel CL. The specific characteristics of these CL are provided in Table 3. They were all 
manufactured by cast-molding and had no surface treatment. Although all the lenses are 
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suitable for daily wear, manufacturers recommend a different replacement frequency (Table 
1). Senofilcon A and comfilcon A are silicone-hydrogel contact lenses, while hioxifilcon 
(Osmo 2®), omafilcon A and ocufilcon B are hydroxyethylmethacrylate (HEMA) 
copolymers and nefilcon A is a polyvinyl alcohol (PVA). The main monomers of the 
material used to manufacture Osmo 2 contact lenses are those that comprise hioxifilcon (2-
HEMA GMA; GMA, glycerylmethacrylate) plus MA (methacrylic acid).    
 

Contact lens 
25 μm2 196 μm2 

Ra (nm) Rq (nm) Ra (nm) Rq (nm) 
Hioxifilcon-based 4.31  0.59 5.50  0.58 5.91  0.65 7.90  0.89 

Omafilcon A 1.90  0.39 2.78  0.45 4.66  2.05 6.80  2.74 
Nefilcon A 11.25  0.38 15.41  1.26 12.99  0.05 18.34  0.25 
Ocufilcon B 11.01  1.79 14.38  2.13 11.45  2.56 23.11  4.49 

Senofilcon A 3.33  0.28 4.06  0.38 3.76  0.05 4.70  0.005 
Comfilcon A 1.56  0.37 2.34  0.69 2.76  0.80 4.21  0.44 

Table 1. Mean roughness parameters recorded for the hydrogel contact lenses using AFM on surface 
areas of 25 μm2 and 196 μm2  

 

 Hioxifilcon-based Omafilcon A Nefilcon A Oculfincon B Senofilcon A Comfilcon A 
Rku 3.71 0.94 23.54  14.81 5.86  2.03 5.45  1.95 3.74  1.63 31.09  0.95 
Rsk -0.22  0.17 2.04  1.07 1.43  0.32 0.98  0.17 0.74  0.41 2.93  0.82 

Table 2. Mean Rku and Rsk values recorded for the hydrogel contact lenses using AFM on a 25 μm2 
surface area 

 

Brand name 
Material 

Generic name Charge 
Water 

content (%) Type of hydrogel
Replacement 
Frequency* 

Osmo 2 Hioxifilcon-based Non ionic 72 HEMA copolymer Three months 
Proclear Omafilcon A Non ionic 62 HEMA copolymer One month 

Focus Dailies Nefilcon A Non ionic 69 Polyvinylalcohol One day 
Frequency 1 day Ocufilcon B Ionic 52 HEMA copolymer One day 
Acuvue Oasys Senofilcon A Non ionic 38 Silicone hydrogel Two weeks 

Biofinity Comfilcon A Non ionic 48 Silicone hydrogel One month 

* Manufacturer’s recommendation 

Table 3. Specifications of the contact lenses analyzed by AFM. 

The corresponding 3-D image of the lenses with the lowest (comfilcon A and omafilcon 
A) and highest (nefilcon A and ocufilcon B) roughness scores are shown in figure 2. 
Figure 3 and 4 show the corresponding image for senofilcon A and hioxifilcon CL 
respectively.  

A different surface roughness in a new lens can be the result of the manufacturing method 
and the material’s properties. The spin casting method generates contact lenses with the 
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methodology. It is a powerful and well-established technique for non-contact measurement 
of surface topography for quickly determining three-dimensional surface shape over larger 
areas at high vertical and moderate lateral resolution (Bennett, 1992; O'Mahony et al., 2003; 
Novak et al., 2003). Two modes of operation are generally available for the optical profilers. 
For smooth surfaces the phase-shifting integrating bucket technique (PSI) is generally used 
since it gives sub-nanometer height resolution capability. For rougher surfaces, a vertical 
scanning coherence sensing technique can be used to give a nanometer height resolution 
over several hundred microns of surface height. WLOP allows analyze larger areas than 
techniques used before in contact lenses, so the values and statistics could be more 
representative of roughness distribution over the lens surface. Topographic information can 
be obtained from the surface in aqueous conditions.  

2.3. Contact lens surface roughness characteristics  

Surface topography and roughness parameters showed different characteristics depending 
on the type of contact lens (material, water content, manufacture system, replacement 
frequency). Moreover roughness varies with magnification, so the size of the measured area 
must be considered when comparing the results of different studies (Kiely and Bonnell, 
1997; Kitching et al., 1999).  Ra is the arithmetic mean of the departures of the profile from 
the mean line (Hinojosa Rivera and Reyes Melo, 2001). Thus, it should not vary with 
magnification for a surface with homogeneously distributed irregularities, regardless of 
how smooth or rough the surface is. However, the irregularities of most surfaces are not 
perfectly homogeneously distributed, and effectively differences in contact lens surface 
roughness values have been observed at different magnifications, with higher roughness 
scores obtained for larger areas more enlarged areas (Gonzalez-Meijome et al., 2006a). 
Hence, the amount of variation could reflect how homogeneous a surface is.   

Contact lens surface characteristics determined by AFM and by WLOP are presented in the 
next sections. 

2.3.1. CL surface roughness by AFM 

Contact lens surfaces roughness and topography can be determined by AFM (Veeco, 
multimode-nanoscope V) in tapping mode™. (Giraldez et al., 2010c)  Although the method 
used is the same as for dry conditions, a special cell could be necessary so measurements 
could be made on the lenses in their original shipping fluid (physiological saline) to keep CL 
hydrated during microscopy observation. All procedures and examinations must be 
conducted in the same room kept at 21ºC and approximately 50% relative humidity. Then 
images have to be processed, for example, using the Vision®32 and Nanoscope v7.20 
software packages.   

Table 1 and table 2 shows height (Ra and Rms) and shape (Rku and Rsk) parameters of 6 
hydrogel CL. The specific characteristics of these CL are provided in Table 3. They were all 
manufactured by cast-molding and had no surface treatment. Although all the lenses are 

 
Hydrogel Contact Lenses Surface Roughness and Bacterial Adhesion 101 

suitable for daily wear, manufacturers recommend a different replacement frequency (Table 
1). Senofilcon A and comfilcon A are silicone-hydrogel contact lenses, while hioxifilcon 
(Osmo 2®), omafilcon A and ocufilcon B are hydroxyethylmethacrylate (HEMA) 
copolymers and nefilcon A is a polyvinyl alcohol (PVA). The main monomers of the 
material used to manufacture Osmo 2 contact lenses are those that comprise hioxifilcon (2-
HEMA GMA; GMA, glycerylmethacrylate) plus MA (methacrylic acid).    
 

Contact lens 
25 μm2 196 μm2 

Ra (nm) Rq (nm) Ra (nm) Rq (nm) 
Hioxifilcon-based 4.31  0.59 5.50  0.58 5.91  0.65 7.90  0.89 

Omafilcon A 1.90  0.39 2.78  0.45 4.66  2.05 6.80  2.74 
Nefilcon A 11.25  0.38 15.41  1.26 12.99  0.05 18.34  0.25 
Ocufilcon B 11.01  1.79 14.38  2.13 11.45  2.56 23.11  4.49 

Senofilcon A 3.33  0.28 4.06  0.38 3.76  0.05 4.70  0.005 
Comfilcon A 1.56  0.37 2.34  0.69 2.76  0.80 4.21  0.44 

Table 1. Mean roughness parameters recorded for the hydrogel contact lenses using AFM on surface 
areas of 25 μm2 and 196 μm2  

 

 Hioxifilcon-based Omafilcon A Nefilcon A Oculfincon B Senofilcon A Comfilcon A 
Rku 3.71 0.94 23.54  14.81 5.86  2.03 5.45  1.95 3.74  1.63 31.09  0.95 
Rsk -0.22  0.17 2.04  1.07 1.43  0.32 0.98  0.17 0.74  0.41 2.93  0.82 

Table 2. Mean Rku and Rsk values recorded for the hydrogel contact lenses using AFM on a 25 μm2 
surface area 

 

Brand name 
Material 

Generic name Charge 
Water 

content (%) Type of hydrogel
Replacement 
Frequency* 

Osmo 2 Hioxifilcon-based Non ionic 72 HEMA copolymer Three months 
Proclear Omafilcon A Non ionic 62 HEMA copolymer One month 

Focus Dailies Nefilcon A Non ionic 69 Polyvinylalcohol One day 
Frequency 1 day Ocufilcon B Ionic 52 HEMA copolymer One day 
Acuvue Oasys Senofilcon A Non ionic 38 Silicone hydrogel Two weeks 

Biofinity Comfilcon A Non ionic 48 Silicone hydrogel One month 

* Manufacturer’s recommendation 

Table 3. Specifications of the contact lenses analyzed by AFM. 

The corresponding 3-D image of the lenses with the lowest (comfilcon A and omafilcon 
A) and highest (nefilcon A and ocufilcon B) roughness scores are shown in figure 2. 
Figure 3 and 4 show the corresponding image for senofilcon A and hioxifilcon CL 
respectively.  

A different surface roughness in a new lens can be the result of the manufacturing method 
and the material’s properties. The spin casting method generates contact lenses with the 
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smoothest surfaces, followed by cast-molding and then lathe-cut lenses (Guryca et al., 2007; 
Grobe, 1996). All the lenses presented here were cast-molded, and their roughness 
parameters were similar to the ranges reported for other non surface-treated cast-molded 
lenses (Guryca et al., 2007). Thus, the roughness differences between lenses cannot be 
attributed only to the manufacturing procedure. Besides the mode of elaboration, other 
authors have linked the presence of methacrylic acid (MA) (Baguet et al., 1993) or a reduced 
water content (Guryca et al., 2007; Vermeltfoort et al., 2004) to a greater lens surface 
roughness. 

Daily replacement hydrophilic contact lenses (nefilcon A and ocufilcon B), showed the 
highest roughness values for both surface areas analyzed. In contrast, comfilcon A showed 
the smoothest, or flattest surface (Ra = 1.56 nm), followed closely by omafilcon A (Ra = 1.90 
nm). Similar roughness values were observed for the hioxifilcon-based material and 
senofilcon A, yet their surface appearance was different (figures 3 and 4). Although the 
hioxifilcon-based contact lens contains MA, which should determine a greater surface 
roughness, its similar Ra to senofilcon A could be attributed to its high water content. As 
may be observed in Figure 3, senofilcon A shows a granulated surface structure, which is 
similar to that previously reported for the AFM observation of senofilcon A  (Teichroeb et 
al., 2008), of galyficon A  (Lira et al., 2008) and for the cryogenic SEM visualization of the 
latter. (Gonzalez-Meijome et al., 2006b) Galyfilcon A is a non surface-treated silicone 
hydrogel contact lens that contains PVP as an internal wetting agent.  

 
Figure 2. Three-dimensional images generated by the AFM analysis of a 25 μm2 area of nefilcon A (a), 
ocufilcon B (b), comfilcon A (c) and omafilcon A (d).  
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Figure 3. Three-dimensional image generated by the AFM analysis of senofilcon A over a 25 μm2 area.  

 
Figure 4. Three-dimensional image generated by the AFM analysis of hioxifilcon over a 25 μm2 area..  

Silicone-hydrogel contact lenses exhibit different surface characteristics depending on their 
chemical composition and surface treatments (Nicolson PC, 2003). Surface treatments are 
targeted at obtaining wettable surfaces (Jones L and Dumbleton K, 2002), although the 
surfaces of the silicone-hydrogel contact lenses presented here were untreated. Thus, 
senofilcon A incorporates an internal wetting agent (polyvinyl pyrrolidone) that apparently 
leaches to the lens surface, and the AquaformTM technology used in comfilcon A minimizes 
lens dehydration by forming hydrogen bonds with water molecules, creating a naturally 
hydrophilic contact lens that retains water inside the lens (Szczotka-Flynn L, 2007; Whittaker 
G, 2008). The roughness parameters obtained for these lenses were similar to those observed 
previously in silicone-hydrogel contact lenses lacking surface treatment, such as galyfilcon 
A and comfilcon A  (Lira et al., 2008; Gonzalez-Meijome et al., 2009), but lower than those 
reported for surface-treated designs (Gonzalez-Meijome et al., 2006a; Guryca et al., 2007). 
Despite the similar surface appearance of silicone hydrogels included here and those 
examined by others, (Teichroeb et al., 2008; Gonzalez-Meijome et al., 2009) Teichroeb et al. 
observed higher roughness parameters for senofilcon A than Comfilcon A when measuring 
a 25 μm2 area. These differences could be related to the fact that the lenses were analysed 
after drying in ambient conditions for 15 minutes. 

2.3.2. CL surface roughness by WLOP 

The issue of measurement area is an important point to be considered in all surface 
roughness measurements (Bennett, 1992; Blunt, 2006; Hinojosa and Reyes, 2001; kiely and 
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smoothest surfaces, followed by cast-molding and then lathe-cut lenses (Guryca et al., 2007; 
Grobe, 1996). All the lenses presented here were cast-molded, and their roughness 
parameters were similar to the ranges reported for other non surface-treated cast-molded 
lenses (Guryca et al., 2007). Thus, the roughness differences between lenses cannot be 
attributed only to the manufacturing procedure. Besides the mode of elaboration, other 
authors have linked the presence of methacrylic acid (MA) (Baguet et al., 1993) or a reduced 
water content (Guryca et al., 2007; Vermeltfoort et al., 2004) to a greater lens surface 
roughness. 

Daily replacement hydrophilic contact lenses (nefilcon A and ocufilcon B), showed the 
highest roughness values for both surface areas analyzed. In contrast, comfilcon A showed 
the smoothest, or flattest surface (Ra = 1.56 nm), followed closely by omafilcon A (Ra = 1.90 
nm). Similar roughness values were observed for the hioxifilcon-based material and 
senofilcon A, yet their surface appearance was different (figures 3 and 4). Although the 
hioxifilcon-based contact lens contains MA, which should determine a greater surface 
roughness, its similar Ra to senofilcon A could be attributed to its high water content. As 
may be observed in Figure 3, senofilcon A shows a granulated surface structure, which is 
similar to that previously reported for the AFM observation of senofilcon A  (Teichroeb et 
al., 2008), of galyficon A  (Lira et al., 2008) and for the cryogenic SEM visualization of the 
latter. (Gonzalez-Meijome et al., 2006b) Galyfilcon A is a non surface-treated silicone 
hydrogel contact lens that contains PVP as an internal wetting agent.  

 
Figure 2. Three-dimensional images generated by the AFM analysis of a 25 μm2 area of nefilcon A (a), 
ocufilcon B (b), comfilcon A (c) and omafilcon A (d).  
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Figure 3. Three-dimensional image generated by the AFM analysis of senofilcon A over a 25 μm2 area.  

 
Figure 4. Three-dimensional image generated by the AFM analysis of hioxifilcon over a 25 μm2 area..  

Silicone-hydrogel contact lenses exhibit different surface characteristics depending on their 
chemical composition and surface treatments (Nicolson PC, 2003). Surface treatments are 
targeted at obtaining wettable surfaces (Jones L and Dumbleton K, 2002), although the 
surfaces of the silicone-hydrogel contact lenses presented here were untreated. Thus, 
senofilcon A incorporates an internal wetting agent (polyvinyl pyrrolidone) that apparently 
leaches to the lens surface, and the AquaformTM technology used in comfilcon A minimizes 
lens dehydration by forming hydrogen bonds with water molecules, creating a naturally 
hydrophilic contact lens that retains water inside the lens (Szczotka-Flynn L, 2007; Whittaker 
G, 2008). The roughness parameters obtained for these lenses were similar to those observed 
previously in silicone-hydrogel contact lenses lacking surface treatment, such as galyfilcon 
A and comfilcon A  (Lira et al., 2008; Gonzalez-Meijome et al., 2009), but lower than those 
reported for surface-treated designs (Gonzalez-Meijome et al., 2006a; Guryca et al., 2007). 
Despite the similar surface appearance of silicone hydrogels included here and those 
examined by others, (Teichroeb et al., 2008; Gonzalez-Meijome et al., 2009) Teichroeb et al. 
observed higher roughness parameters for senofilcon A than Comfilcon A when measuring 
a 25 μm2 area. These differences could be related to the fact that the lenses were analysed 
after drying in ambient conditions for 15 minutes. 

2.3.2. CL surface roughness by WLOP 

The issue of measurement area is an important point to be considered in all surface 
roughness measurements (Bennett, 1992; Blunt, 2006; Hinojosa and Reyes, 2001; kiely and 
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Bonnell, 1997; Kitching et al., 1999). WLOP allows analysing larger areas than other 
techniques used before in CL. In this regard, the maximum Hydrogel CL area studied by 
AFM was 400 μm2 (Gonzalez-Meijome et al., 2006a),  which means that for a 14.00 mm 
diameter CL, only about 2.6x10-4 % of the entire CL surface area would be analyzed. When 
using WLOP we were able to determine roughness parameters in areas as large as 
67646μm2, which is almost 170 higher than the greatest area evaluated by AFM, so values 
and statistics are suppose to be more representative of the total CL surface (Giraldez et al., 
2010a). 

WLOP measurements can be obtained with the interference microscopy Wyko-NT1100, a 
tool that combines a microscopy and an interferometer into the same instrument and which 
was previously used for hydrogel CL surface analysis. (Giraldez et al., 2010a) 

Table 4, 5 and 6 shows values for Ra, Rms and Rmax parameters of 4 hydrogel CL obtained 
from WLOP analysis for 625 μm2, 2500 μm2, 10829 μm2 and 67646 μm2 areas. The specific 
characteristics of these CL are provided in Table 7. All these CL were manufactured by cast-
moulding and had no surface treatment. Although all lenses are indicated for daily wear, 
different replacement frequency is recommended by manufacturer (table 1). According with 
material, hioxifilcon, omafilcon A and ocufilcon B are hydroxyethylmethacrylate (HEMA) 
copolymers and nefilcon A is a polyvinylalcohol (PVA).  Osmo 2 contact lens material is 
based in hioxifilcon, as their main monomers are those from hioxifilcon (2-HEMA GMA; 
GMA, glycerylmethacrylate) and MA (methacrylic acid). Lenses were obtained in the 
original containers filled with a physiological saline solution.  As an example, surface 
appearance of hydrogel contact lenses at different magnification is shown in figure 5. 

 

 625 μm2 2500 μm2 10829 μm2 67646 μm2 
Hioxifilcon-

based 31,04  1,75 32,88  2,18 42,26  7,92 47,89  3,97 

Omafilcon A 17,62  2,50 22,18  0,55 49,84  9,83 67,12  12,59 
Ocufilcon B 31,11  3.03 35,68  2,50 30,70  4,50 173,11  95,55 
Nefilcon A 25,04  5.04 54,73  17,31 114,93  7,29 323,77  16,11 

Table 4. Average Roughness (Ra) of  hydrogel contact lenses determined by WLOP for 625 μm2, 2500 
μm2, 10829 μm2 and 67646 μm2 areas. Mean and Standard Deviation are shown. Values are in 
nanometers (nm).  

 

 625 μm2 2500 μm2 10829 μm2 67646 μm2 
Hioxifilcon-based 40,07  2,24 44,94  4,25 61,54  13,32 63,25  4,22 

Omafilcon A 22,41  3,22 28,20  0,88 65,99  16,08 89,37  17,87 
Ocufilcon B 46,04  3,74 52,92  2,28 53,07  5,80 307,61  178,88 
Nefilcon A 39,08  12,71 97,89  30,97 175,03  5,40 508,47  49,04 

Table 5. Root-Mean-Square (Rms) of  hydrogel contact lenses determined by WLOP for 625 μm2, 2500 
μm2, 10829 μm2 and 67646 μm2 areas. Mean and Standard Deviation are shown. Values are in 
nanometers (nm).  
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625 μm2 2500 μm2 10829 μm2 67646 μm2 
Hioxifilcon-based 433,98  27,40 869,04  117,33 1996,67  426,18 2306,67  1259,61 

Omafilcon A 280,67  59,22 353,57  35,63 1303,86  528,49 2646,67   2019,53 
Ocufilcon B 583,65  103,34 854,75  43,99 1401,80  352,84 18196,67 10208,47 
Nefilcon A 620,39  94,48 1800,00  612,20 2723,33  583,12 22970,00  4690,00 

Table 6. Maximum Roughness (Rmax) of  hydrogel contact lenses determined by WLOP for 625 μm2, 
2500 μm2, 10829 μm2 and 67646 μm2 areas. Mean and Standard Deviation are shown. Values are in 
nanometers (nm). 

 

Brand Manufacturer 
Material 
(USAN) 

Charge 
Water 

content (%)
Principal 

monomers 
Replacement 
Frequency* 

Osmo 2 MarkEnnovy Hioxifilcon-
based 

Non ionic 72 2-HEMA GMA 
MA 

Three months 

Proclear Cooper Vision Omafilcon A Non ionic 62 HEMA, PC One month 
Frequency 1 

day Cooper Vision Ocufilcon B Ionic 52 
2-HEMA 
EGDMA 

One day 

Focus Dailies+ Ciba Vision Nefilcon A Non ionic 69 PVP NAAADA One day 

 * Manufacturer recommendation 
+All Day Comfort (with enhanced lubricating agents) 

Table 7. Specifications of the contact lenses analyzed by WLOP. 
 

 
Figure 5. Surface topography of hioxifilcon and omafilcon A contact lenses (surface area: 625 μm2) 
obtained by WLOP. 

According with the 625 μm2 and 2500 μm2 area, ocufilcon B and hioxifilcon based CL 
showed statistical rougher surface scores than those obtainded by omafilcon A, although 
differences between lenses were not large enough to be clinically relevant. However, when 
higher areas were considered, it could be observed that daily CL showed an important 
increase in their roughness values, which is not observed in hioxifilcon based and Omafilcon 
A lenses (Figures 6 and 7). According to this, analyzing higher areas could assist to detect 
differences between lenses surface characteristics, which may be not so obvious if smaller 
areas are studied.   
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Bonnell, 1997; Kitching et al., 1999). WLOP allows analysing larger areas than other 
techniques used before in CL. In this regard, the maximum Hydrogel CL area studied by 
AFM was 400 μm2 (Gonzalez-Meijome et al., 2006a),  which means that for a 14.00 mm 
diameter CL, only about 2.6x10-4 % of the entire CL surface area would be analyzed. When 
using WLOP we were able to determine roughness parameters in areas as large as 
67646μm2, which is almost 170 higher than the greatest area evaluated by AFM, so values 
and statistics are suppose to be more representative of the total CL surface (Giraldez et al., 
2010a). 

WLOP measurements can be obtained with the interference microscopy Wyko-NT1100, a 
tool that combines a microscopy and an interferometer into the same instrument and which 
was previously used for hydrogel CL surface analysis. (Giraldez et al., 2010a) 

Table 4, 5 and 6 shows values for Ra, Rms and Rmax parameters of 4 hydrogel CL obtained 
from WLOP analysis for 625 μm2, 2500 μm2, 10829 μm2 and 67646 μm2 areas. The specific 
characteristics of these CL are provided in Table 7. All these CL were manufactured by cast-
moulding and had no surface treatment. Although all lenses are indicated for daily wear, 
different replacement frequency is recommended by manufacturer (table 1). According with 
material, hioxifilcon, omafilcon A and ocufilcon B are hydroxyethylmethacrylate (HEMA) 
copolymers and nefilcon A is a polyvinylalcohol (PVA).  Osmo 2 contact lens material is 
based in hioxifilcon, as their main monomers are those from hioxifilcon (2-HEMA GMA; 
GMA, glycerylmethacrylate) and MA (methacrylic acid). Lenses were obtained in the 
original containers filled with a physiological saline solution.  As an example, surface 
appearance of hydrogel contact lenses at different magnification is shown in figure 5. 

 

 625 μm2 2500 μm2 10829 μm2 67646 μm2 
Hioxifilcon-

based 31,04  1,75 32,88  2,18 42,26  7,92 47,89  3,97 

Omafilcon A 17,62  2,50 22,18  0,55 49,84  9,83 67,12  12,59 
Ocufilcon B 31,11  3.03 35,68  2,50 30,70  4,50 173,11  95,55 
Nefilcon A 25,04  5.04 54,73  17,31 114,93  7,29 323,77  16,11 

Table 4. Average Roughness (Ra) of  hydrogel contact lenses determined by WLOP for 625 μm2, 2500 
μm2, 10829 μm2 and 67646 μm2 areas. Mean and Standard Deviation are shown. Values are in 
nanometers (nm).  

 

 625 μm2 2500 μm2 10829 μm2 67646 μm2 
Hioxifilcon-based 40,07  2,24 44,94  4,25 61,54  13,32 63,25  4,22 

Omafilcon A 22,41  3,22 28,20  0,88 65,99  16,08 89,37  17,87 
Ocufilcon B 46,04  3,74 52,92  2,28 53,07  5,80 307,61  178,88 
Nefilcon A 39,08  12,71 97,89  30,97 175,03  5,40 508,47  49,04 

Table 5. Root-Mean-Square (Rms) of  hydrogel contact lenses determined by WLOP for 625 μm2, 2500 
μm2, 10829 μm2 and 67646 μm2 areas. Mean and Standard Deviation are shown. Values are in 
nanometers (nm).  
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625 μm2 2500 μm2 10829 μm2 67646 μm2 
Hioxifilcon-based 433,98  27,40 869,04  117,33 1996,67  426,18 2306,67  1259,61 

Omafilcon A 280,67  59,22 353,57  35,63 1303,86  528,49 2646,67   2019,53 
Ocufilcon B 583,65  103,34 854,75  43,99 1401,80  352,84 18196,67 10208,47 
Nefilcon A 620,39  94,48 1800,00  612,20 2723,33  583,12 22970,00  4690,00 

Table 6. Maximum Roughness (Rmax) of  hydrogel contact lenses determined by WLOP for 625 μm2, 
2500 μm2, 10829 μm2 and 67646 μm2 areas. Mean and Standard Deviation are shown. Values are in 
nanometers (nm). 

 

Brand Manufacturer 
Material 
(USAN) 

Charge 
Water 

content (%)
Principal 

monomers 
Replacement 
Frequency* 

Osmo 2 MarkEnnovy Hioxifilcon-
based 

Non ionic 72 2-HEMA GMA 
MA 

Three months 

Proclear Cooper Vision Omafilcon A Non ionic 62 HEMA, PC One month 
Frequency 1 

day Cooper Vision Ocufilcon B Ionic 52 
2-HEMA 
EGDMA 

One day 

Focus Dailies+ Ciba Vision Nefilcon A Non ionic 69 PVP NAAADA One day 

 * Manufacturer recommendation 
+All Day Comfort (with enhanced lubricating agents) 

Table 7. Specifications of the contact lenses analyzed by WLOP. 
 

 
Figure 5. Surface topography of hioxifilcon and omafilcon A contact lenses (surface area: 625 μm2) 
obtained by WLOP. 

According with the 625 μm2 and 2500 μm2 area, ocufilcon B and hioxifilcon based CL 
showed statistical rougher surface scores than those obtainded by omafilcon A, although 
differences between lenses were not large enough to be clinically relevant. However, when 
higher areas were considered, it could be observed that daily CL showed an important 
increase in their roughness values, which is not observed in hioxifilcon based and Omafilcon 
A lenses (Figures 6 and 7). According to this, analyzing higher areas could assist to detect 
differences between lenses surface characteristics, which may be not so obvious if smaller 
areas are studied.   
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Figure 6. Variation of Ra (a) and Rms (b) parameters for different scanning surface areas. Y-values 
represent nanometers (nm). X-values represent μm2. 

 
Figure 7. Variation of Maximum Roughness (Rmax) for different scanning surface areas. Y-values 
represent nanometers (nm). X-values represent μm2. 

As can be observed, roughness analysis varies with the magnification. Ra is the arithmetic 
mean of the departures of the profile from the mean line. So, when a surface presents 
irregularities homogeneously distributed, Ra should not vary with magnification, 
irrespective of its roughness degree. However, this is not the usual situation, as most of 
surfaces are not perfectly homogeneous in their irregularities distribution. In fact, there has 
been reported differences in CL surface roughness values at different magnifications using 
AFM technique, showing higher roughness scores in higher areas (Gonzalez-Meijome et al., 
2006a; Giraldez et al., 2010c). Degree of variation of roughness parameters when increasing 
size of the measured area could be representative of how homogeneous a surface is. From 
the data presented here, hioxifilcon based CL has the most homogeneous surface, showing 
the lower Ra and Rms variation when comparing values from different areas (Figure 6 and 7). 
Conversely, Nefilcon A showed the highest increase in roughness, displaying the less 
homogeneous surface of the study. 
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Local imperfections or sample contamination could affect Ra, Rms and Rmax values. However, 
their effect on Ra and Rms is supposed to be lower than that on Rmax, since Ra and Rms are 
average values that should be less affected by local imperfections when higher areas are 
considered. On the other hand, Rmax might show higher values than expected when 
imperfections are present, as it indicate maximum peak to valley distance in a measured area, 
independently of its size. When comparing CL presented here, Rmax variation with area size 
had a similar pattern than that observed in Ra and Rms for all CL. This can be easily observed 
when comparing figures 6 and 7. This finding could indicate that the higher Rmax values 
observed in larger areas, especially in daily CL, would not be due to local imperfections or 
sample contamination, but rather due to the actual surface roughness of the CL. 

Roughness parameters values obtained by WLOP are significantly higher than those 
previously observed in other hydrogel CL by AFM. This difference between techniques 
could be related to the effect of the measured area size on the Ra and Rms values, as they tend 
to be higher when the analyzed area increases (Hinojosa and Reyes, 2001; kiely and Bonnell, 
1997; Kitching et al., 1999).  

CL surface roughness degree is an important issue as imperfections in the lens surface is 
where deposits are likely to form (Hosaka et al., 1983). It was also previously demonstrated 
that the surface roughness increase, the biofilm deposited on the lens increase (Baguet et al., 
1995), and that bacterial transfer from a CL is determined by the roughness and 
hydrophobicity of the surface receiving the bacteria (Vermeltfoort et al., 2004). Daily 
replacement CL in present study are suppose to acquire more deposits during wear as they 
had the highest increase in roughness values when higher areas are considered. So, strict 
replacement regime must be follow in nefilcon A and ocufilcon B CL wear. By gaining a 
better understanding of the surface roughness of different types of CL, practitioners will be 
better placed to prescribe the most suitable lens for any given patient and to interpret the 
clinical performance of lenses they prescribe in relation to patient symptoms and ocular 
surface signs.  

3. Bacterial adhesion to contact lenses 

The process of initial adhesion of bacteria to the CL surface has been extensively examined 
in terms of the physical and chemical properties of both the bacterial cell and CL surface 
such as hydrophobicity and roughness. Thus, depending on the surface thermodynamics, 
hydrophilic strains seem to preferentially adhere to hydrophilic surfaces, while more 
hydrophobic strains have a preference for hydrophobic surfaces. (Bos et al., 1999; Bruinsma 
et al., 2001)Also, the results of several in vivo studies suggest that a rougher CL surface will 
be prone to more extensive bacterial adhesion (Bruinsma et al., 2002; Bruinsma et al., 2003) 
since imperfections in the lens surface is where deposits are likely to form. (Hosaka et al., 
1983)   

Microbial colonization can be quantified by enumerating colony-forming units (CFU) using 
different bacterial strains, as the P. aeruginosa strain CECT 110 or S. epidermidis strain CECT 
4184 (both from the Spanish Type Culture Collection). Adhesion can be determined by 
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Figure 6. Variation of Ra (a) and Rms (b) parameters for different scanning surface areas. Y-values 
represent nanometers (nm). X-values represent μm2. 

 
Figure 7. Variation of Maximum Roughness (Rmax) for different scanning surface areas. Y-values 
represent nanometers (nm). X-values represent μm2. 

As can be observed, roughness analysis varies with the magnification. Ra is the arithmetic 
mean of the departures of the profile from the mean line. So, when a surface presents 
irregularities homogeneously distributed, Ra should not vary with magnification, 
irrespective of its roughness degree. However, this is not the usual situation, as most of 
surfaces are not perfectly homogeneous in their irregularities distribution. In fact, there has 
been reported differences in CL surface roughness values at different magnifications using 
AFM technique, showing higher roughness scores in higher areas (Gonzalez-Meijome et al., 
2006a; Giraldez et al., 2010c). Degree of variation of roughness parameters when increasing 
size of the measured area could be representative of how homogeneous a surface is. From 
the data presented here, hioxifilcon based CL has the most homogeneous surface, showing 
the lower Ra and Rms variation when comparing values from different areas (Figure 6 and 7). 
Conversely, Nefilcon A showed the highest increase in roughness, displaying the less 
homogeneous surface of the study. 

 
Hydrogel Contact Lenses Surface Roughness and Bacterial Adhesion 107 
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such as hydrophobicity and roughness. Thus, depending on the surface thermodynamics, 
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immersing each CL, convex side up, in 1 ml of a cell suspension of P. aeruginosa or S. 
epidermidis whose concentration of 1.2 x 109 CFU/ml (adjusted to McFarland scale No.4) is 
determined by dilution in sterile saline solution (SS) and spreading on Tryptic Soy Agar 
(TSA) plates. Following incubation of the bacterial suspension for 2 h at 37ºC with 
continuous shaking (15 rpm), each CL has to be carefully removed and washed 3 times in 
sterile SS. Next each lens is placed in 2 ml of sterile SS and sonicated using a Bronson 
Sonifier 250 for 1 min. The suspensions then spread on TSA-1 plates and CFU enumerated 
after 24 h of incubation at 37ºC. 

3.1. Microbial keratitis on contact lens wear 

The adhesion of bacteria to contact lenses (CL), notably that of Pseudomonas aeruginosa and 
Staphylococcus epidermidis, is considered a primary risk factor of serious corneal problems 
(Buehler PO et al., 1992; Catalonotti P et al., 2005; Leitch EC et al., 1998). The CL surface is a 
suitable substrate for bacterial adhesion and biofilm formation, and can sustain the growth 
of an inoculum of organisms in prolonged contact with the cornea (Elder Mj et al., 1995). In 
addition, corneal interaction with the CL can override the protective mechanisms of the 
cornea, augmenting the capacity of microbial cells to adhere to the cornea and progress to 
microbial keratitis (MK). To improve the corneal/CL interface, several co-polymers have 
been incorporated into soft hydrogel lens materials, including silicone polymers for 
increased oxygen permeability and phosphoryl-choline to increase biocompatibility. 
Further, the new modalities of wear, such as daily disposable (DD) hydrogel CL, avoid the 
need for regular cleaning and storage, which are known to be an important cause of 
microbial contamination (Laughlin-Borlace et al., 1998). Notwithstanding, studies have 
shown that users of DD and silicone hydrogel CL do not show a reduced risk of MK (Dart et 
al., 2008; Stapleton et al., 2008). In the paper by Dart et al., differences in soft CL design 
and/or the composing polymer rather than the mode of wear were found to determine 
susceptibility to MK (Dart et al., 2008).   

Several microbial strains have been isolated from clinical samples of MK. Approximately 
two thirds of these strains are Gram-negative bacterial strains, most notably Pseudomonas 
aeruginosa but also some Serratia species, while one third comprises Gram-positive cocci, 
including Staphylococcus aureus and Staphylococcus epidermidis (Catalonotti P et al., 2005; 
Leitch EC et al., 1998; Seal et al., 1999). S epidermidis is one of the microorganisms most 
frequently isolated from the normal microbiota of the human eye surface (Ayoub M et al., 
1994; Doyle A et al., 1995; Hara J et al., 1997). Despite this, this bacterium has been held 
responsible for infections such as chronic blepharitis, conjunctivitis and keratitis, 
especially in immunocompromised hosts (Pinna A et al., 1999), and may account for 45 
per cent of all cases of bacterial keratitis (Nayak et al., 2007; Nayak and Satpathy, 2000). In 
CL wearers, S. epidermidis finds itself in a privileged position to act as an opportunistic 
pathogen, colonizing the lens surface from the eye and surrounding areas. The 
microorganism also shows an adhesion preference for foreign materials and has the 
capacity to produce an extracellular substance comprised of polysaccharides (slime) 
(Perilli et al., 2000). 
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Pseudomonas aeruginosa is a common Gram-negative bacillus that acts as an opportunistic 
pathogen under several circumstances (Lyczak et al., 2000). As a Gram-negative bacterium, 
the lipopolysaccharides (LPS) composing its outer membrane act as key virulence factor, 
promoting infection by interfering with the host immune response (Wilkinson, 1983; Cryz, 
Jr. et al., 1984). Other virulence factors encoded by P. aeruginosa could help bacterial survival 
on the ocular surface. These factors are those needed for strategies such as biofilm 
formation, resistance against killing, communication between bacteria (e.g., quorum 
sensing), invading epithelial cells and surviving within them, destroying tear components, 
breaking down cell-to cell junctions and extracellular matrices, and injecting toxins into cells 
(Alarcon et al., 2009; Angus et al., 2008; Evans et al., 2007; Fleiszig et al., 1994; Fleiszig, 2006; 
Hauser, 2009; Lyczak et al., 2000; Wagner and Iglewski, 2008; Willcox, 2007; Zolfaghar et al., 
2003; Zolfaghar et al., 2005; Zolfaghar et al., 2006). Pseudomonas aeruginosa also possesses 
factors that are highly immunogenic (initiate inflammation) while being able to evade the 
immune responses they initiate (Choy et al., 2008; Evans et al., 2007; Hazlett, 2007; Lyczak et 
al., 2000). Interestingly, P. aeruginosa virulence factors can also confer resistance to contact 
lens disinfectants (Lakkis and Fleiszig, 2001).  

3.2. Effect of hydrophobicity and surface roughness  

Bacterial adhesion to a biomaterial is thought to depend on the hydrophobicity of the 
biomaterial, such that adhesion decreases with the water content of the CL (Ahanotu et al., 
2001; Kodjikian et al., 2004; Magnusson, 1982). The effect of surface roughness on bacterial 
adhesion to a CL is still far from being well understood. According to prior work, it seems 
clear that surface roughness is related to deposit formation and microorganism colonization 
of the surface (Baguet et al., 1995; Vermeltfoort et al., 2004). Greater surface roughness 
determines a greater specific surface area, thus creating more available active sites for 
thermodynamic reactions. Bacterial adhesion initiates on surface irregularities that serve as 
microenvironments where bacteria are sheltered from unfavorable environmental factors 
and then promote their survival (Shellenberger and Logan, 2002; Chae et al., 2006; Jones and 
Velegol, 2006). The effects of surface roughness have been examined over a wide range of 
physical scales (Bruinsma et al., 2001; Li and Logan, 2004; Li and Logan, 2005; Emerson et 
al., 2006; Mitik-Dineva et al., 2008; Park et al., 2008) and previous studies suggest that 
nanoscale surface roughness may greatly influence bacterial adhesion (Mitik-Dineva et al., 
2008).   

3.2.1. Staphylococcus epidermidis 

Initial adhesion of S. epidermidis to unworn or worn conventional hydrogel CL has been 
reported to be strain and substrate related, the hydrophilic nature of the lens being a key 
factor (George et al., 2003; Henriques et al., 2005). The incorporation of silicone in a hydrogel 
polymer achieves high oxygen permeability but on the other hand reduces hydrophilicity 
(Tighe B, 2009). According with previous studies (Giraldez et al., 2010b), unworn silicone 
hydrogel CL (more hydrophobic) show a greater susceptibility to S. epidermidis adhesion 
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than the conventional hydrogel CL (Figure 6). This observation is consistent with the 
established relationship between microbial adhesion and lens surface hydrophobicity. 
Notwithstanding, Santos et al. (Santos et al., 2008) were unable to detect any difference in 
microbial adhesion when comparing unworn silicone hydrogel and conventional hydrogel 
CL. This discrepancy could be explained by the different extents of microbial colonization 
observed for different S. epidermidis strains, and/or the different methodologies employed 
(Henriques et al., 2005; Kodjikian et al., 2007). In both hydrophobic and hydrophilic groups, 
the lenses showing the lowest Ra values (omafilcon A and comfilcon A) also returned the 
lowest numbers of S. epidermidis CFU, despite their high Rku and Rsk values. Roughness 
values corresponding to these lenses are shown in tables 1 and 2. 

 
Figure 8. Adhesion of S. epidermidis CECT 4184 to hydrophilic (a) and hydrophobic (b) hydrogel contact 
lenses.  

3.2.2. Pseudomona aeruginosa 

Figure 7 provides the quantities, in CFU, of P. aeruginosa that adhered to six unworn CL (4 
silicone hydrogel and 2 conventional hydrogel CL). In these lenses, it can be observed no 
substantial preference of P. aeruginosa to adhere to unworn hydrophilic or hydrophobic CL. 
Although this is consistent with other studies for other bacterial strains (Borazjani et al., 2004; 
Santos et al., 2008), it challenges  the established relationship between microbial adhesion and 
lens surface hydrophobicity (Pritchard et al., 1999; Doyle, 2000; Young et al., 2002; van Oss, 2003; 
Giraldez et al., 2010b). This discrepancy could be explained by the different extents of microbial 
colonization observed for different bacterial strains, and/or the different methodologies 
employed (Henriques et al., 2005; Kodjikian et al., 2007). In fact, most P. aeruginosa strains have a 
more hydrophilic surface than S. epidermidis or other bacteria (Gottenbos et al., 2001; Mitik-
Dineva et al., 2009). This could explain the scarce difference observed between P. aeruginosa 
adhesion to hydrophilic and hydrophobic contact lenses relative to previously observed S. 
epidermidis adhesion patterns (Bos et al., 1999; Bakker et al., 2002; Giraldez et al., 2010b).  

In relation with roughness effect, the lenses showing the highest Ra values accompanied by 
low Rku and Rsk values  (for a 25 μm2 area, ocufilcon B: Ra=11.01  1.79 nm, Rku=5.45  1.95 
and Rsk= 0.98  0.17; and lotrafilcon B: Ra=26,97  3,91nm,  Rku=4,11  1,28 and Rsk= -0,34  
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0,07) also returned the lowest numbers of P. aeruginosa CFU. Nanomaterials are those with 
constituent dimensions smaller than 100 nm in at least one direction and have numerous 
biomedical applications (Park et al., 2008). Nanophase materials have greater surface areas, 
more surface defects, increased surface electron delocalization and greater numbers of 
surface grain boundaries. Since they show a higher percentage of atoms at their surfaces 
compared to conventional materials, the surface properties of nanophase materials differ 
and this results in higher surface reactivity to cell responses (Park et al., 2008; Mitik-Dineva 
et al., 2008). Although changes in metabolic responses have not been clearly defined, 
research has shown altered attachment rates for certain bacteria on nanophase surfaces, 
which could translate to enhanced or reduced adhesion  (Park et al., 2008; Mitik-Dineva et 
al., 2008; Mitik-Dineva et al., 2009). Thus, while nanophase materials show reduced 
Staphylcoccus epidermidis colonization compared to conventional materials (Colon et al., 2006; 
Giraldez et al., 2010b) they nevertheless show improved P. aeruginosa colonization (Mitik-
Dineva et al., 2009; Webster et al., 2005).  

 
Figure 9. Adhesion of P. aeruginosa to both hydrophilic (omafilcon A and ocufilcon B) and hydrophobic 
(senofilcon A, comfilcon A, balafilcon A and lotrafilcon B) contact lenses. 

4. Conclusion 

Surface hydrophobicity and roughness are critical factors for bacterial adhesion;  the surface 
of any body or object is the part which interacts with the surrounding environment.  
Hydrophobicity effect on bacterial adhesion to contact lenses is different in depending on 
bacterial strains; it seems to have a higher influence in S epidermidis than in P aeruginosa 
adhesion. Moreover, roughness is a biological factor that affects the manner in which 
bacteria adhere to surfaces, above all for initial adhesion; so by gaining a better 
understanding of the surface roughness of different types of CL, practitioners will be better 
placed to prescribe the most suitable lens for any given patient and to interpret the clinical 
performance of lenses they prescribe in relation to patient symptoms and ocular surface 
signs.  
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Age-related macular degeneration (AMD) involves progressive cell death of post-mitotic 
retinal pigment epithelial (RPE) cells, which adversely affects rod and cone survival. RPE 
cells are exposed to chronic oxidative stress, including constant exposure to intense light 
and increased reactive oxygen species (ROS) from mitochondria due to high levels of 
oxygen consumption. However, understanding how oxidative stress causes 
phosphoproteomic alterations that initiate death signals in the RPE is elusive. Lack of such 
knowledge is an important problem, because, without it, acquiring the ability to modulate 
cellular protection is highly unlikely.  

The RPE, located between photoreceptors and choroid, is in a unique position to mediate the 
transport of nutrients, oxygen, and retinoid from blood to photoreceptors. For continued 
vision, the RPE is required for retinoid recycling and phagocytosis, which initiates 
accumulation of retinoid byproducts that eventually leads to apoptosis. Continuous 
exposure to light causes the RPE to consume a large amount of oxygen in order to complete 
the complex processes of nutrient transport, phagocytosis, and the visual cycle. It is still not 
known why the initial retinal degeneration occurs and how the degenerative processes 
progress as a result of oxidative stress. Adaptation to changes in oxidative environment is 
critical for the survival of retina and RPE cells. Clinical trials demonstrated a significant 
reduction toward retinal degeneration upon intake of antioxidants that include lutein, 
zeaxanthin, zinc, vitamin C, and vitamin E. Oxidation of polyunsaturated fatty acids (PFA) 
and photosensitizers in the RPE induces reactive oxygen species (ROS) production upon 
exposure to visible light. Hydrogen peroxide (H2O2) is generated in the RPE during 
phagocytosis of the photoreceptor outer segment, and it has been used as a direct oxidative-
inducing reagent to initiate cellular oxidative stress. Understanding of molecular 
mechanisms that mediate oxidative stress-induced proteome changes in the RPE may 
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provide insight into the pathogenesis of retinal degeneration. In our study, comparative and 
differential proteomics have been applied to investigate global changes in the RPE and 
retina proteome due to oxidative stress induced by light or H2O2.  

2. Phosphorylation signaling in the RPE  

We have focused on understanding the cell death mechanism of the retina and RPE under 
oxidative stress [Chung et al., 2009; Lee et al., 2010a; Lee et al., 2010b; Zhang et al., 2010; Lee 
et al., 2011; Arnouk et al., 2011; Sripathi et al., 2011]. Our studies demonstrated that 
oxidative stress may trigger induction of anti-apoptotic erythropoietin, JAK2, and BCL-xL, 
as well as pro-apoptotic caspases. Oxidative stress also influences mitochondrial-nuclear 
communication by shuttling mitochondrial prohibitin. We examined whether 
phosphorylations of cytoskeletal and anti-apoptotic proteins, including vimentin, PP2A, and 
crystalline, regulate the initial protecting mechanism. The cytoskeletal network formed by 
filamentous proteins determines how retinal and RPE cells respond to their extracellular 
environmental stimuli that include oxidative stress.  

Site-specific phosphorylations of crystalline and vimentin regulate protein interactions 
through positive or negative feedback mechanisms. The significance of proteomic studies is 
that they are providing a detailed apoptotic mechanism and new potential AMD-related 
biomarkers. The global phosphoproteome changes in RPE cells under oxidative stress will 
help to identify key elements of phosphorylation signaling that serve as a framework of 
biochemical pathways of AMD progression. 

It is a critical question to understand the maintenance mechanism of appropriate 
phosphorylation signaling under chronic stress conditions. Oxidative stress may influence 
the expression of genetic risk factors, including complement factor H (CFH). Although the 
potential importance of protein phosphorylation/dephosphorylation as a therapeutic target 
has been appreciated, no detailed approach to date has been made targeting biomarkers in 
phosphoproteome to treat ocular diseases. For example, abnormalities in vimentin 
phosphorylation have been linked to neurodegenerative diseases, including AMD and 
Alzheimer’s disease [Madigan et al., 1994; Yen et al, 1983; Yu et al., 1994], but the 
phosphorylation network mechanism in RPE cells under oxidative stress remains largely 
elusive.  

Regulation of the phosphate on/off switch is a central tool for RPE cells to survive under 
stress conditions. Unbiased approach to determine phosphorylation sites and kinetics will 
help to understand the complex apoptotic network and epigenetic controlling mechanism of 
RPE death. A general proteomic approach that includes protein identification by mass 
spectrometry has been used routinely for the last decade, however, RPE phosphoproteomics 
remains challenging due to the complexity, substoichiometry (less than 50% 
phosphorylated), and kinetics (short vs. long time frame). Understanding phosphorylation 
in AMD is not clear, because protein phosphorylation is a very dynamic process, while the 
aging process is slow. Recent animal models exhibiting some of the features of human AMD 
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are available, but most of these models do not represent the full spectrum of pathological 
changes observed in human AMD. Animal models that mimic the complex and progressive 
characteristics of AMD are extremely valuable for studying the pathogenesis of AMD and 
testing different treatment modalities. 

Phosphoproteins have been studied using chemical and affinity-based methods [Zhou et al., 
2008; Tao et al., 2005]. However, the rapid and dynamic nature of the underlying changes 
and the low abundance of phosphoproteins reflecting their substoichiometry present 
challenges to the quantitative study of the phosphoproteome. Thus, the isolation of the 
phosphoproteome or phosphopeptidome represents a potentially advanced step in this 
analysis. We introduced a system-wide, unbiased, and high-throughput approach to 
investigate global phosphoproteome of oxidative stress-induced or aged RPE and retinal 
cells using phosphoproteome enrichment and labeling method. Phosphoprotein-enriched 
extracts from human RPE cells under stress were separated by two-dimensional (2D) 
electrophoresis. Serine, threonine, and tyrosine phosphorylation were visualized by 2D 
phospho-Western blotting and specific phosphorylation sites were analyzed by tandem 
mass spectrometry. We examined phosphoproteome changes under oxidative stress in vitro 
and aging-induced phosphoproteome in vivo.  

Our results suggest a positive correlation between early biomarkers of phosphoproteome 
under oxidative stress and RPE proteins from AMD patients. The outcome of the current 
work is the initial delineation of the underlying physiology of oxidative stress-mediated 
phosphorylation signaling in RPE apoptosis. In addition, our study suggests a stimulus for 
understanding oxidative stress-induced cytoskeletal changes and the aggregate formation 
mechanism by phosphorylations. As a consequence, an effective therapeutic approach and 
animal model based on the modulation of phosphorylations are expected to result.  

Recently, pioneering proteomic profiling studies revealed protein expression changes in 
human RPE, drusen, and lipofuscin [West et al., 2001; Crabb et al., 2002; Schütt et al., 2007]. 
Other studies compared native differentiated to cultured dedifferentiated RPE cells [Alge et 
al., 2003; Alge et al., 2006]. Proteomics proved to be a useful tool in delineating changes in 
RPE with the progressive stages of AMD [Nordgaard et al., 2006; An et al., 2006; Norgaard 
et al., 2008], and diabetes [Decanini et al., 2007]. Also, proteomic tools were used to study 
changes in the vitreous humor associated with diabetic retinopathy [Kim et al., 2007] and 
retinal proteins in glaucoma model [Tezel et al., 2005]. Since oxidative stress is implicated in 
the etiology of several RPE diseases that include AMD, identification of molecular mediators 
and early signaling events under chronic stress is a crucial step for understanding cell death 
mechanism and retinal degeneration. However, limitations of proteomic approach, 
including minor proteins with low concentration, hydrophobic membrane proteins, 
reproducibility, and time and labor demanding processes, exist as huddles to get 
comprehensive details on the molecular mechanism. Moreover, there is no comprehensive 
database that could support the analysis of protein phosphorylation in human RPE from the 
standpoint of spatial and temporal changes. 
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Phosphorylation of specific amino acids, including serine, threonine, and tyrosine, is a 
significant modulator of protein function that regulates subcellular localization, protein–
protein interaction, conformational change, and signal transduction. Charge changes by 
phosphorylation creates a protein switch mechanism, allowing reversible phosphorylation 
to modify intracellular signaling in response to specific microenvironmental and genetic 
conditions and thereby act as a basic survival tool. However, the rapid and dynamic nature 
of the underlying changes and the low abundance of phosphoproteins reflecting their 
substoichiometry present challenges to the quantitative study of the phosphoproteome. The 
isolation of phosphoproteome or phosphopeptidome represents a potential challenge. Our 
data and other evidence suggest that phosphorylations are involved in apoptotic or 
protecting signaling under oxidative stress [Chung et al., 2009; Zhang et al., 2010; Arnouk et 
al., 2011; Lee et al., 2011; Sripathi et al., 2011].  

Proteomic study provides direct evidence and a molecular basis for phosphorylation 
signaling, cytoskeletal reorganization, and apoptotic mechanisms of AMD [Nordgaard et al., 
2006; Crabb et al., 2002; Ethen et al., 2006; An et al., 2006; Warburton et al., 2007]. A detailed 
proteome analysis of AMD supports our hypothesis that there is a positive correlation 
between RPE biomarkers under stress and AMD as shown in Table 1. 

To address the issue of phosphorylation in cytoskeletal reorganization, we examined 
morphologic and cytoskeletal changes of RPE cells under oxidative stress in vitro. The 
apoptotic cell surface changes initiate the protrusion, develop bubble-like blebs on their 
surface, and continue phagocytic alteration shown as the membrane disruption. In the 
middle stage, cells showed apical, basal and surface changes such as dense projection of 
microvilli. In later stage, cells broke into small, membrane-wrapped fragments.  

To examine potential markers corresponding cytoskeletal reorganization under oxidative 
stress, we examined vimentin, an intermediate filament protein shown in both control and 
AMD drusen [Crabb et al., 2002]. ARPE-19 contains retinal G-protein receptor (RGR) and 
peropsin as light detecting chromophore. Previous observation of vimentin in RPE cells 
derived from human choroidal neovascular membranes in AMD, as well as in drusen and 
melanolipofuscin, supporting our choice of phosphoproteome biomarkers in RPE cells 
under stress [Schlunck et al., 2002; Crabb et al., 2002; Warburton et al., 2007]. Previously, 
proteomic analysis of the retina revealed that the expression levels of vimentin and PP2A 
are significantly increased when C3HeB/FeJ mice (rd1 allele, 12 weeks, photoreceptor 
degenerated) are exposed under continuous light for 7 days compared to a condition of 12h 
light/dark cycling exposure [Zhang et al., 2010]. When melatonin is administered to animals 
while they are exposed to continuous light, the increased levels of vimentin and PP2A 
return to a normal level. Further, vimentin has been shown to be a target of PP2A that 
directly binds vimentin and dephosphorylates it. Vimentin is present in all mesenchymal 
cells, and often used as a differentiation marker. Like other intermediate filaments, vimentin 
acts to maintain cellular integrity; however, vimentin may play a role in RPE survival by 
phosphorylation. 
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AMD RPE 
proteome [1] 

AMD drusen
[2] 

RPE blebs [3] RPE proteome under OS
in vitro [4] 

RPE proteome 
under light  in 
vitro [5]  

ATP synthase 
 
CRABP1 
CRALBP 
Crystallin A 
Elf4H 
GST  
HSC 70 
HSP 60 
HSP 70 
Mt HSP 75 
Pyruvate 
kinase 
VDAC 1 

Annexin 5
Clusterin 
Complement 
component 9 
Crystallin B 
Crystallin A3 
Histone H2A2 
Serum albumin 
TIMP3 
Vimentin  
Vitronectin 
 

Annexin 5
Cytoskeleton-
associated protein 
4 
Desmin 
EF 1 
GST 
GTPase Rab 14 
HSP 70 9B 
Keratin 7, 18 
Lamin A/C 
MMP-14 
Peroxiredoxin 5 
Thioredoxin 
reductase 1 
Tubulin 
VDAC3 

Annexin 5
BUB3 
EF2 
GST  
Guanine binding protein  
HSP 90  
HSP 1 
Lamin A/C 
Peroxiredoxin 1, 2 
Phosphomevalonate kinase 
Plasminogen activator- 
inhibitor 1 
Prohibitin 
Pyruvate kinase 
Retinol binding protein 
RPE65 
Thioredoxin-dependent- 
peroxide reductase 3 
VDAC2 

Actin 
ATP synthase 
CRALBP 
Creatine kinase 
Crystallin A 
Crystallin B 
Crystallin B 
Crystallin  
G binding protein 
1 
HSP 70 
HSP 90 
HSP 1 
IRBP 
Plasminogen 
Protein kinase 4 
Pyruvate kinase 
RPE65 
Tubulin 1B 
Tubulin 2 

AMD retina 
proteome [6] 

RPE secretome
[7] 

AMD RPE 
secretome [7] 

Melanolipofuscin [8] Retina proteome 
in vitro under OS 
[9, 10] 

CRABP 
Crystallin A 
Crystallin B 
HSP 60 
HSP70 
Tubulin  
VDAC1 
 

Annexin 5
Caspase 5 
CFB 
CFH 
Complement C 
HSP 47 
Laminin 
MMP2 
Prasminogen 
activator 
inhibitor 1 

CFB
CFH 
Collagen  
Complement C 
Custerin 
Galectin 3 BP 
MMP2 

Annexin 5
ATP synthase 
Crystallin B 
G binding protein 
HSP 60 
HSP 70 
Prohibitin 
RBP 3 
RDH 11 
RDH 5 
RGR 
RPE65 
Tubulin  
Tubulin  
VDAC 1, 2, 3 
Vimentin 

Bcl-xL 
Caspase-3 
c-FOS 
Crystallin B 
Crstallin B 
Crystallin S 
Crystallin B 
Crystallin F 
EPO 
EPOR 
G binding protein 
Jak2 
Peroxiredoxin 2 
Peroxiredoxin 6 
PP2A 
Tubulin  
Vimentin 

[1] Nordgaard et al., 2006 [2] Crabb et al., 2002  [3] Alcazar et al., 2009 [4] Arnouk et al., 2011, [5] Lee et al., 2011, [6] 
Ethen et al., 2006 [7] An et al., 2006 [8] Warburton et al., 2007 [9] Chung et al., 2009 [10] Zhang et al., 2010 

Table 1. Comparison of AMD proteome vs. retina/RPE proteome changes under oxidative stress. Early 
biomarkers from our studies are in Italics. 
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Table 1. Comparison of AMD proteome vs. retina/RPE proteome changes under oxidative stress. Early 
biomarkers from our studies are in Italics. 
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Vimentin is a major component of intermediate filament that spread throughout the cell and 
serve as signal transducer conveying mechanical and molecular information from cell 
surface to nucleus and intracellular compartments. Modifications of vimentin are essential 
reactions of filament dynamics. Changes of vimentin phosphorylation are directed to 
reorganization of the intermediate filament network and altered function of RPE cells. 
Hyperphosphorylation of vimentin can disassemble intermediate filament into soluble 
monomeric form. Our results suggest that vimentin is critically involved in the process of 
light-induced damage in RPE cells. By reducing the light-induced post-translational 
modification of vimentin, PP2A may assist to maintain the proper filament network in RPE 
cells. 

Next we tested the hypothesis that oxidative stress may induce protein phosphorylation, 
including vimentin. Vimentin phosphorylation at S38 is downregulated under stress and is 
a potential PP2A specific site for dephosphorylation. Phosphorylation at S38 suggests a 
potential antiapoptotic role when considering increased Bak under oxidative stress. 
Phosphorylation at S55 under stress condition is upregulated compared to β-actin control. 
We examined whether normal light- induced phosphoproteome was altered in RPE cells. To 
investigate RPE phosphoproteome, we used 2D electrophoresis to separate proteins from 
cells incubated under light (7000 lux) or dark conditions for 1 hour. RPE proteins induced by 
light were visualized using mass spectrometry-compatible silver staining. MALDI-TOF-TOF 
mass spectrometry analysis revealed that a large proportion of the proteins up-regulated 
first and foremost by light in the RPE belong to the crystallin family. Our data demonstrated 
that crystallins were upregulated under oxidative stress in bovine primary RPE cells. Serine 
phosphorylation of crystallin was markedly increased in light exposure, as shown by pSer-
specific Western blotting. Notably, opposite effects on serine and tyrosine phosphorylation 
may yield positive or negative regulation with the same stimulus [Taniguchi et al., 2006]. 
Enzymes associated with phosphorylation or energy metabolism, including Ser/Thr protein 
kinase 4 (STE20) and ATP synthase, were downregulated under intense light. The most 
abundant light-induced upregulated phosphoproteins were crystallins, including A and 
B crystallins. Our results may suggest that phosphorylation of crystallin is critical to 
maintain a chaperone function in RPE cells. Phosphorylations at serine residues were next to 
proline or near proline. The results of phosphoproteome enrichment experiment were 
confirmed using an affinity-based phosphopeptide-enrichment strategy. In this experiment, 
in-solution trypsin digested peptides were concentrated using a metal (Ga+3) based column 
and analyzed by tandem mass analysis.  

Phosphorylation-dependent signaling might differ between tissues, and might reflect the 
microenvironmental diversity among different tissues, including differences in stress 
stimuli. Phosphoproteome change is an indication of an early signaling event under 
oxidative stress conditions in RPE. Increased phosphorylation of crystallins, in particular, 
might suggest a stress-response role for these proteins in the RPE. Accordingly, crystallin 
phosphorylation may provide an anti-apoptotic signal to attenuate oxidative stress-induced 
degenerative pathway as early signaling event. However, accumulated phoshprylated 
crystallins may lead to pathological mechanism [den Engelsman et al., 2005]. In this context, 

 
Early Biosignature of Retina Degeneration 127 

stress-induced up- or down-regulation of crystallins is known to occur in various diseases or 
age-related conditions [Nordgaard et al., 2006; Ethen et al., 2006]. The functional 
relationship between heat-shock proteins and cytoskeletal proteins, such as intermediate 
filaments, vimentin and actin, is well documented [Clark et al., 2000; Xi et al., 2003]. N-
terminal phosphorylation of heat-shock proteins is correlated with the stabilization of 
cytoskeletal elements.  

Our studies support the hypothesis that a progressive accumulation of oxidative damage is 
a fundamental mechanism involved in RPE cell death. Oxidative stress occurs when free 
radicals produced in RPE cells are not completely modulated by the appropriate 
endogenous defense systems. Phospholipids are a major component that can be targeted by 
excess oxidative stress. Lipid peroxidation plays an important role in initiating and 
mediating phosphorylation and cell death signaling. Establishing the involvement of lipid 
changes in phosphorylation signaling has not been an easy task. The lipids of cellular 
membranes serve roles in controlling the structure and fluidity of the membrane, and as 
signaling molecules that modifies protein functions. The lipid binding assay demonstrated 
subcellular communication between mitochondria and the nucleus under oxidative stress. 
The changes in the expression and localization of p-crystallin and p-vimentin triggered by 
reactive oxygen species are crucial for RPE integrity. 

Recently, crystallin location and function in the retina and RPE have been described 
[Sakaguchi et al., 2003; Organisciak et al., 2011; Zigler et al., 2011; Sreekumar et al., 2010; 
Gangalum et al., 2011]. αA- and αB-crystallin are located in the ganglion cell layer and 
photoreceptor layer, whereas β-crystallin is detected in all nuclear layers of the retina [Xi et 
al., 2003]. The functional roles of crystallins as chaperones, anti-apoptotic proteins, or signal 
transducers in the retina have also been described [Xi et al., 2003; Sakaguchi et al., 2003; 
Kapphahn et al., 2003; Kim et al., 2007]. Phosphorylated αB-crystallin directly interacts with 
Bax and caspase-3 to suppress their pro-apoptotic action, and thus exerts a cytoprotective 
effect in the retina [Kim YH et al., 2007]. Light-induced up-regulation of αA-crystallin and 
increased phosphorylation of αA-crystallin in the aged retina have been reported 
[Kapphahn et al., 2003]. The specific function of each crystallin, particularly /β-crystallin in 
the RPE, is still largely unknown, although levels of αB-crystallin are increased after heat 
shock and oxidative stress, and αB-crystallin immunoreactivity has been found in both rod 
outer segments and the RPE after light exposure [Sakaguchi et al., 2003].  

3. Early proteome changes under oxidative stress 

Two-dimensional differential gel electrophoresis (2-D DIGE) is an advanced proteomic 
technique that labels minor protein samples with fluorescent dyes before 2-D 
electrophoresis. It enables accurate analysis of differences in protein concentrations between 
samples. DIGE method reduces experimental variations and technical errors. It is possible to 
separate up to three different samples within the same 2-D gel using three different 
fluorescent molecules. However, there are limitations of DIGE methods also, including 
covalent modifications on cysteine or lysine.  
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stress-induced up- or down-regulation of crystallins is known to occur in various diseases or 
age-related conditions [Nordgaard et al., 2006; Ethen et al., 2006]. The functional 
relationship between heat-shock proteins and cytoskeletal proteins, such as intermediate 
filaments, vimentin and actin, is well documented [Clark et al., 2000; Xi et al., 2003]. N-
terminal phosphorylation of heat-shock proteins is correlated with the stabilization of 
cytoskeletal elements.  

Our studies support the hypothesis that a progressive accumulation of oxidative damage is 
a fundamental mechanism involved in RPE cell death. Oxidative stress occurs when free 
radicals produced in RPE cells are not completely modulated by the appropriate 
endogenous defense systems. Phospholipids are a major component that can be targeted by 
excess oxidative stress. Lipid peroxidation plays an important role in initiating and 
mediating phosphorylation and cell death signaling. Establishing the involvement of lipid 
changes in phosphorylation signaling has not been an easy task. The lipids of cellular 
membranes serve roles in controlling the structure and fluidity of the membrane, and as 
signaling molecules that modifies protein functions. The lipid binding assay demonstrated 
subcellular communication between mitochondria and the nucleus under oxidative stress. 
The changes in the expression and localization of p-crystallin and p-vimentin triggered by 
reactive oxygen species are crucial for RPE integrity. 

Recently, crystallin location and function in the retina and RPE have been described 
[Sakaguchi et al., 2003; Organisciak et al., 2011; Zigler et al., 2011; Sreekumar et al., 2010; 
Gangalum et al., 2011]. αA- and αB-crystallin are located in the ganglion cell layer and 
photoreceptor layer, whereas β-crystallin is detected in all nuclear layers of the retina [Xi et 
al., 2003]. The functional roles of crystallins as chaperones, anti-apoptotic proteins, or signal 
transducers in the retina have also been described [Xi et al., 2003; Sakaguchi et al., 2003; 
Kapphahn et al., 2003; Kim et al., 2007]. Phosphorylated αB-crystallin directly interacts with 
Bax and caspase-3 to suppress their pro-apoptotic action, and thus exerts a cytoprotective 
effect in the retina [Kim YH et al., 2007]. Light-induced up-regulation of αA-crystallin and 
increased phosphorylation of αA-crystallin in the aged retina have been reported 
[Kapphahn et al., 2003]. The specific function of each crystallin, particularly /β-crystallin in 
the RPE, is still largely unknown, although levels of αB-crystallin are increased after heat 
shock and oxidative stress, and αB-crystallin immunoreactivity has been found in both rod 
outer segments and the RPE after light exposure [Sakaguchi et al., 2003].  

3. Early proteome changes under oxidative stress 

Two-dimensional differential gel electrophoresis (2-D DIGE) is an advanced proteomic 
technique that labels minor protein samples with fluorescent dyes before 2-D 
electrophoresis. It enables accurate analysis of differences in protein concentrations between 
samples. DIGE method reduces experimental variations and technical errors. It is possible to 
separate up to three different samples within the same 2-D gel using three different 
fluorescent molecules. However, there are limitations of DIGE methods also, including 
covalent modifications on cysteine or lysine.  
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We used two different biological models that include primary bovine RPE cells and human 
RPE cell line D407, to uncover differential biosignatures under oxidative stress [Davis et al., 
1995]. We employed a combination of proteomic technologies, including sensitive 
fluorescent labeling and TOF-TOF mass spectrometry analysis with high mass accuracy and 
low tolerance in the range of 50 ppm (0.05 Dalton). Identified proteins were confirmed by 
quantitative Western blotting. We observed expression changes of cellular signaling related 
molecules, including intermediate filament, retinoid metabolism, energy metabolism, and 
antioxidant proteins in bovine RPE cells. Several intermediate filament components, 
including neurofilament H, M, L proteins and glial fibrillary acidic protein, were up-
regulated in bovine RPE cells. Intermediate filament proteins are cytoskeletal components 
that form fibrils with an average diameter of 10 nm. Neurofilament H, M, and L proteins are 
specifically expressed in neurons. Glial fibrillary acidic protein is a biomarker in glial cells. 
Previous studies showed that environmental changes, such as culture conditions, could 
induce dedifferentiation of RPE cells and give rise to mesenchymal-like cells.  

Proteome changes related to energy metabolism were also observed under oxidative stress 
in bovine RPE cells. Pyruvate dehydrogenase E1 transforms pyruvate into acetyl-CoA that is 
used in the citric acid cycle to generate ATP. Pyruvate kinase M1 transfers a phosphate 
group from phosphoenolpyruvate (PEP) to adenosine diphosphate (ADP), to synthesize 
ATP and pyruvate. Up-regulation of both enzymes may indicate higher energy 
consumption to compensate oxidative stress-induced faster turnover of proteins in the RPE.  

In RPE D407 cells, several molecular chaperones were altered as a result of H2O2 treatment. 
Hsp 90α and Hsp β1 exhibit general protective chaperone properties such as preventing 
unspecific aggregation of non-native proteins. Calreticulin, up-regulated in bovine RPE 
cells, is a multifunctional protein that binds to Ca2+ and misfolded proteins to export them 
from the endoplasmic reticulum (ER) to the Golgi apparatus. Elimination of misfolded 
proteins in the ER affects cellular homeostasis and survival, so chaperone function of heat 
shock proteins is indispensible under stress conditions.  

Retinoid metabolism in primary bovine RPE cells is altered under oxidative stress 
conditions. Photosensitivity and the steady state of retinoid concentrations are controlled by 
regeneration of 11-cis-retinoid, which is called the visual cycle. RPE65, a peripheral 
membrane protein of RPE cells, is an all-trans-retinyl ester isomerohydrolase. Indeed, we 
showed that RPE65 in bovine RPE is up-regulated under oxidative stress. Our data 
demonstrated that RPE65 is cleaved into a 45 kDa and 20 kDa truncation forms under 
oxidative stress. This data indicates that oxidative stress can influence the visual cycle by 
up-regulation of RPE65 and cleavage of this protein. Further studies of whether this 
truncated form might be a biomarker of oxidative stress are currently under investigation. It 
seems that immortalized human RPE cells suppress RPE65 expressions as a basic regulatory 
mechanism for the visual cycle that is not essential for survival. Prohibitin, a mitochondrial 
chaperone involved in oxidative stress and aging, was found to be downregulated under 
oxidative stress in primary bovine RPE cells.   
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Antioxidant proteins were upregulated under oxidative stress. Peroxiredoxin is a ubiquitous 
family of antioxidant enzymes that can be regulated by changes of redox potential in the 
cell. Thioredoxin-dependent peroxide reductase is an antioxidant enzyme that provides 
protection mechanism against oxidative stress. It reduces H2O2 by hydride provided by 
thioredoxin, thioredoxin reductase, and NADPH. Upregulation of antioxidants can regulate 
redox homeostasis in RPE cells and thus protect cells from oxidative stress-induced damage.  

Both biological models using primary bovine RPE cells and immortalized D407 cells have 
advantages and limitations. We observed differences in protein expressions correlated with 
oxidative stress in two biological models used in our study, which can be attributed, at least 
partially, to the inherent differences in two different RPE cell types. It has been reported that 
cytoskeletal remodeling and cell survival factors are differentially expressed in primary 
culture and immortalized human RPE cells. Dedifferentiated, immortalized human RPE 
cells results in down-regulation of specific proteins associated with retinoid metabolism. At 
the same time, they induce the differential expressions related with cytoskeletal 
organization, cell shape, migration, and proliferation. Thus, we speculate that two different 
proteome list in two different systems such as primary bovine vs. immortalized human RPE 
cells is due to different cell type and not due to species difference or detection system. 

Oxidative stress alone is the major risk factor of retinal degeneration compared to genetic 
risk factors. Furthermore, oxidative stress may influence the expression of genetic risk 
factor, such as complement factor H (CFH). Cellular processes induced by oxidative stress in 
RPE cells and the molecular mechanisms under the oxidative stress that contribute to retinal 
degeneration are not clear at this point. We revealed several expression changes in the RPE 
proteome that is induced by H2O2 treatment. Targeting early signaling proteins is a useful 
therapeutic strategy for the treatment of degenerative diseases of the retina and the RPE. 

4. Prohibitin as a new oxidative stress biomarker 

It is estimated that every ten minutes in the USA someone becomes blind. More than 4 
million Americans have age-related macular degeneration (AMD), the most common cause 
of legal blindness in those older than fifty five. Even though the role of abnormal 
angiogenesis in the pathogenesis of AMD has been recently established, we still do not 
know why the macular deteriorates and why AMD progresses. Our proteomic experiments 
demonstrate that prohibitin is a shuttling protein primarily expressed in mitochondria, 
however, it translocalizes to the nucleus under oxidative stress. The extent of prohibitin 
localization in mitochondria inversely correlates with levels of oxidative stress.  
Our knockdown approach suggests that prohibitin may have the anti-apoptotic function 
through Bcl-xL and mitochondrial DNA binding mechanisms. Our data further  
suggests that specific lipid-binding mechanisms involving altered cardiolipin interactions 
might be the key element to determine prohibitin shuttling between mitochondria and the 
nucleus. Mitochondrial dysfunction is associated with AMD and our preliminary studies 
also suggest specific pathophysiological mechanisms involving altered mitochondrial 
disruption.    
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Prohibitin is involved in the alternative pathway of complement C activation. However, the 
regulatory mechanisms are elusive. Prohibitin is subjected to various post-translational 
modifications under growth factor stimulation and oxidative stress. Prohibitin induces a 
conformational change that enhances activation of C3. 

Prohibitin is originally known as an anti-proliferative protein [McClung et al., 1989]. It is 
highly conserved from bacteria to human [Asamoto and Cohen SM, 1994], but its function is 
not clearly understood. Prohibitin was proposed to have a role as a cell cycle inhibitor 
[Nuell et al, 1991; McClung et al, 1995], a transcriptional regulator [Wang et al, 1999a; Wang 
et al, 1999b], an inflammatory modulator [Sharma and Qadri, 2004], a plasma membrane 
receptor [Kolonin et al, 2004], and a mitochondrial chaperone [Nijtmans et al, 2000; Artal-
Sanz et al, 2003; Steglich et al, 1999]. Its chaperone function in mitochondria has recently 
received more attention as a modulator that responds to oxidative stress [Coates et al., 2001]. 
Prohibitin is involved in apoptosis and aging by stabilizing newly synthesized respiratory 
enzymes [Bourges et al, 2004; Nijtmans et al, 2002], however, its presence and function in the 
eye has never been studied. Our studies demonstrate that prohibitin is a novel protein that 
shuttles between mitochondria and the nucleus as an anti-apoptotic chaperone as well as a 
transcriptional regulator under oxidative stress [Arnouk, et al., 2011; Lee et al., 2010; 
Srinivas et al., 2011]. 

Prohibitin undergoes phosphorylation at multiple residues under various cellular condition 
or in response to various stimuli. Phosphorylation of prohibitin facilitate its interaction with 
SH2 domain containing phospho tyrosine phosphatases Shp1 and Shp2. In a separate study, 
prohibitin was identified as a substrate for Akt and it has been shown that Akt induced 
prohibitin phosphorylation at threonine258. While these studies have clearly shown that 
prohibitin is phosphorylated at multiple residues, however, conditions under which these 
residues are phosphorylated and functional consequences are not clear. Prohibitin binding 
proteins were apoptosis related (Bcl-2 like protein), cholesterol homeostasis (PI4K5, 
diacylglycerol kinase, apolipoprotein B48 receptor, VLDLR), nucleotide binding proteins 
(guanine exchange factor, endonuclease, cell cycle regulator) and a complement component 
(Table 2).   

5. Anti-apoptotic prohibitin function in mitochondria  

We performed loss of function studies using prohibitin-specific small interfering RNA 
(siRNA) to demonstrate an increase of apoptotic signaling when prohibitin was knockdown. 
We tested two siRNA constructs that inhibit prohibitin expression compared to a control 
siRNA that has a random sequence. A solvent vehicle was used as the second negative 
control also. We chose conditions when prohibitin expressions were reduced by 80-90% 
compared to random sequence control. We examined whether prohibitin knockdown 
activates pro-apoptotic AIF, BAK, and caspases. Prohibitin knockdown may control other 
anti-apoptotic molecules also. Indeed, pro-apoptotic AIF, caspase-9, and BAK increased 
under prohibitin knockdown condition whereas anti-apoptotic Bcl-xL decreased. Also we 
examined decreased prohibitin condition cleaves poly (ADP ribose) polymerase (PARP) as a  
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Prohibitin binding proteins MW/pI Function 
Vav-1 guanine exchange factor 98 kDa/6.2 proto-oncogene 

ATP binding cassette 4 66 kDa/6.9 regulator of cAMP level 
DEAD box 32 84 kDa/5.0 RNA helicase 

epithelial cell transforming 2 104 kDa/7.5 oncogene 
guanine exchange factor 119 kDa/5.9 activation of GTPases 

Transglutaminase 93 kDa/6.5 protein aggregation 

phosphoinositol-4-phosphate 5 kinase 45 kDa/9.6 
epithelial cell morphology 

actin polymerization 
Nei Endonuclease VIII like protein 1 37 kDa/9.2 DNA excision repair 

Bcl-2 like protein 14 37 kDa/7.7 apoptosis facilitator 
calpastatin 76 kDa/4.9 calpain inhibitor 

complement component C6 105 kDa/6.7 membrane complex 
cell cycle regulator Mat89Bb homolog 80 kDa/6.2 nucleus-centrosome coupling 

diacylglycerol kinase zeta 103 kDa/9.8 phosphatidic acid synthesis 
Apolipoportein B48 receptor-like 109 kDa/4.4 carrying cholesterol to tissues 

very low density lipoprotein receptor 93 kDa/4.7 regulator of cholesterol levels 

Table 2. Prohibitin binding proteins determined by immunoprecipitation. 

pro-apoptotic marker because PARP cleavage is an early marker of caspase activation. 
Transfection of siRNA of prohibitin into ARPE-19 cells resulted in increased cleavage of 
PARP which represents that an apoptotic signal is induced when prohibitin is down-
regulated.  

Next we examined whether caspases are also activated as essential markers in apoptosis. 
The activation of caspase-9, one of the upstream regulators in apoptosis, showed early 
apoptotic signaling under prohibitin knockdown condition. Our results suggest that 
knockdown of prohibitin increases caspase-dependent apoptotic signaling. This data implies 
that prohibitin may act as an anti-apoptotic protein in mitochondria by forming a functional 
complex with other apoptotic proteins. Prohibitin concentration is inversely correlated with 
the initiation of apoptosis. Then we asked whether decreased prohibitin disrupts the 
filamentous reticular network of mitochondria resulting in fragmented mitochondria. 
Immunocytochemical analysis showed that prohibitin knockdown led to accumulation of 
fragmented mitochondria. Then we asked whether expression and localization of prohibitin 
is altered under stress condition.  

Emerging evidence suggest that oxidative stress and associated local upregulation of 
alternative pathway of complement may play a critical role in the progression of AMD. 
However, the link between oxidative stress. Altered prohibitin function may be a connecting 
link between oxidative stress and complement activation in AMD. Our studies demonstrate 
that prohibitin expression in the RPE is altered under oxidative stress in vitro and in vivo. We 
tested an advanced proteomic approach using a 2D differential gel electrophoresis (DIGE) 
technique to label RPE proteome by fluorescent molecules to uncover new biomarkers 
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Prohibitin is involved in the alternative pathway of complement C activation. However, the 
regulatory mechanisms are elusive. Prohibitin is subjected to various post-translational 
modifications under growth factor stimulation and oxidative stress. Prohibitin induces a 
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[Nuell et al, 1991; McClung et al, 1995], a transcriptional regulator [Wang et al, 1999a; Wang 
et al, 1999b], an inflammatory modulator [Sharma and Qadri, 2004], a plasma membrane 
receptor [Kolonin et al, 2004], and a mitochondrial chaperone [Nijtmans et al, 2000; Artal-
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Srinivas et al., 2011]. 
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or in response to various stimuli. Phosphorylation of prohibitin facilitate its interaction with 
SH2 domain containing phospho tyrosine phosphatases Shp1 and Shp2. In a separate study, 
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diacylglycerol kinase, apolipoprotein B48 receptor, VLDLR), nucleotide binding proteins 
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5. Anti-apoptotic prohibitin function in mitochondria  

We performed loss of function studies using prohibitin-specific small interfering RNA 
(siRNA) to demonstrate an increase of apoptotic signaling when prohibitin was knockdown. 
We tested two siRNA constructs that inhibit prohibitin expression compared to a control 
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activates pro-apoptotic AIF, BAK, and caspases. Prohibitin knockdown may control other 
anti-apoptotic molecules also. Indeed, pro-apoptotic AIF, caspase-9, and BAK increased 
under prohibitin knockdown condition whereas anti-apoptotic Bcl-xL decreased. Also we 
examined decreased prohibitin condition cleaves poly (ADP ribose) polymerase (PARP) as a  
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pro-apoptotic marker because PARP cleavage is an early marker of caspase activation. 
Transfection of siRNA of prohibitin into ARPE-19 cells resulted in increased cleavage of 
PARP which represents that an apoptotic signal is induced when prohibitin is down-
regulated.  

Next we examined whether caspases are also activated as essential markers in apoptosis. 
The activation of caspase-9, one of the upstream regulators in apoptosis, showed early 
apoptotic signaling under prohibitin knockdown condition. Our results suggest that 
knockdown of prohibitin increases caspase-dependent apoptotic signaling. This data implies 
that prohibitin may act as an anti-apoptotic protein in mitochondria by forming a functional 
complex with other apoptotic proteins. Prohibitin concentration is inversely correlated with 
the initiation of apoptosis. Then we asked whether decreased prohibitin disrupts the 
filamentous reticular network of mitochondria resulting in fragmented mitochondria. 
Immunocytochemical analysis showed that prohibitin knockdown led to accumulation of 
fragmented mitochondria. Then we asked whether expression and localization of prohibitin 
is altered under stress condition.  

Emerging evidence suggest that oxidative stress and associated local upregulation of 
alternative pathway of complement may play a critical role in the progression of AMD. 
However, the link between oxidative stress. Altered prohibitin function may be a connecting 
link between oxidative stress and complement activation in AMD. Our studies demonstrate 
that prohibitin expression in the RPE is altered under oxidative stress in vitro and in vivo. We 
tested an advanced proteomic approach using a 2D differential gel electrophoresis (DIGE) 
technique to label RPE proteome by fluorescent molecules to uncover new biomarkers 
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under stress conditions. We found that prohibitin is a chaperone molecule maintaining 
mitochondrial structure and function shown by immunoprecipitation and knockdown 
method.  

We have been actively seeking early molecular signaling events under oxidative stress in the 
retina and RPE using a proteomics and metabolomics approach to identify new biomarkers. 
This approach demonstrated that prohibitin is involved in oxidative stress signaling in vitro 
and in vivo [Lee et al., 2010b; Arnouk et al., 2011; Srinivas et al., 2011]. Prohibitin was 
proposed as an anti-proliferative protein or a tumor suppressor forming a high molecular 
complex with prohibitin2 in mitochondria [Steglich et al., 1999]. Localization of prohibitin 
has been controversial, possibly being mitochondrial, nuclear, or cell surface [Wang et al., 
2002; Rivera-Milla et al., 2006].  

We examined the cellular localization of prohibitin which is a controversial question. 
Confluent ARPE19 cells were treated with 200 µM H2O2 for 24 hrs and prohibitin 
localization in response to oxidative stress was investigated using immunocytochemistry. 
Subcellular organelles and prohibitin were visualized by DAPI (nuclear DNA, blue,  
369/460 nm absorbance/emission), MitoTracker (mitochondria, red, 578/599 nm 
absorbance/emission), and Alexa-488 (prohibitin, green, 495/519 nm absorbance/emission), 
by taking three color fluorescent images every hour. This kinetic assay confirmed that the 
signaling pathway was involved in prohibitin transit to the nucleus from mitochondria. 
H2O2 treated cells showed nuclear translocalization of prohibitin, whereas untreated cells 
showed localization in mitochondria. After 8 hrs, prohibitin showed an accumulation in the 
nucleus as compared to the control group. After 24 hrs, more nuclear prohibitin was 
observed and prohibitin didn’t show as much colocalization with mitochondria.  

To answer whether prohibitin is modified under stress condition, we tested the correlation 
between oxidative stress and the ratio of soluble vs. membrane-binding prohibitin. Because 
prohibitin may exist in both detergent-resistant and soluble fractions, we tried to separate 
prohibitins by longer running time SDS-PAGE. Soluble prohibitin in the cytosolic fraction 
moved faster when compared to membrane-bound mitochondrial and microsomal 
prohibitin. Detergent-resistant, membrane-binding prohibitin showed slightly higher 
molecular weight when compared to soluble prohibitin. We found that the ratio of soluble 
prohibitin to membrane binding prohibitin decreased under oxidative stress. Under stress 
condition, soluble prohibitin decreased and membrane-binding prohibitin increased. To 
answer how long this trend would last under oxidative stress, we performed a kinetic assay 
under oxidative stress. After 6 hrs, the soluble prohibitin level returned to its control level. It 
is possible that the membrane-binding and soluble form exists in different subcellular 
organelles, so we next examined the subcellular localization of prohibitin by fractionation.  

Membrane-binding prohibitin showed slightly higher molecular weight when compared to 
soluble prohibitin. We examined the correlation between oxidative stress and soluble vs. 
membrane-binding prohibitin and found that the ratio of soluble prohibitin to membrane 
binding prohibitin decreased under oxidative stress. Soluble prohibitin decreased and 
membrane-binding prohibitin increased under stress condition. Then we tested how long 
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this trend would last under oxidative stress. After 6 hrs, the soluble prohibitin level returned 
to its control level. It is possible that the membrane-binding and soluble form exists in 
different subcellular organelles, so we examined whether prohibitin binds a mitochondrial 
specific phospholipid, cardiolipin.  

6. Prohibitin binds cardiolipin under oxidative stress  

We asked whether prohibitin localization could be controlled by membrane lipid binding. 
We speculated that the localization and trafficking of prohibitin might be determined by 
mitochondrial-specific lipid such as cardiolipin. Lipid interaction assay demonstrated that 
mitochondrial prohibitin has a strong affinity at low cardiolipin concentration whereas 
nuclear prohibitin showed a much weaker affinity to cardiolipin, interacting at higher 
concentrations. Lipid analysis in ARPE-19 cells by mass spectrometry demonstrated that 
cardiolipin concentration decreased 20-70% under 200 M H2O2. 

This result suggests that membrane lipid and modification may determine prohibitin 
localization under oxidative stress. When cardiolipin concentration is low under oxidative 
stress, prohibitin moves to the nucleus. Then we tested whether prohibitin may have 
preference toward specific lipids when prohibitin is a limiting factor. Under normal 
condition, prohibitin from ARPE-19 cells demonstrated a strong interaction with 
phosphatidylinositol 3,4,5 triphosphate (PIP3), PIP2, PIP, and 3-sulfogalactosylceramide, but 
not with cardiolipin. Lipid binding affinity changed dramatically under oxidative stress. 
Prohibitin under stress showed a strong affinity toward cardiolipin, phosphatidylserine, and 
phosphatidic acid. This observation led us to conclude that prohibitin has an affinity 
towards negatively charged phospholipids, especially cardiolipin under oxidative stress.  

To examine prohibitin response under oxidative stress in detail, we then examined protein 
expression level changes in vitro using ARPE-19 cells. We examined whether prohibitin level 
changes under H2O2 in time and dose dependent manner. Protein analysis by SDS-PAGE 
and Western blot demonstrated that prohibitin is down-regulated under oxidative stress 
(50-200 M H2O2, 1-24 hrs). Cells treated with 200 M H2O2 showed a 40% decrease of 
prohibitin, but the levels between treated groups in 24 hrs revealed no significant difference 
by t-test, indicating that decreased levels of prohibitin under oxidative stress is an acute 
process that occurs within 2 hrs. This result suggests that the nuclear prohibitin may not be 
a newly synthesized protein as there was no prohibitin increase for 24 hrs; instead the 
nuclear prohibitin might be derived from mitochondria since prohibitin was not colocalized 
with mitochondria after extended H2O2 treatment. 

Our previous in vivo experiments suggest that prohibitin may respond differently in the retina 
and RPE under oxidative stress conditions, including diabetes and aging. To specify the 
location of prohibitin in cells, we separated subcellular fractions using serial centrifugations, 
specific detergents, and polyamines. Subcellular proteins were separated into soluble and 
insoluble nuclear and mitochondrial proteins as well as cytosolic and microsomal fractions. 
Denatured and native gel electrophoresis, followed by Western blot of subcellular organelle 
showed that prohibitin is widely distributed in cells but is centralized in mitochondria.  
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under stress conditions. We found that prohibitin is a chaperone molecule maintaining 
mitochondrial structure and function shown by immunoprecipitation and knockdown 
method.  
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proposed as an anti-proliferative protein or a tumor suppressor forming a high molecular 
complex with prohibitin2 in mitochondria [Steglich et al., 1999]. Localization of prohibitin 
has been controversial, possibly being mitochondrial, nuclear, or cell surface [Wang et al., 
2002; Rivera-Milla et al., 2006].  

We examined the cellular localization of prohibitin which is a controversial question. 
Confluent ARPE19 cells were treated with 200 µM H2O2 for 24 hrs and prohibitin 
localization in response to oxidative stress was investigated using immunocytochemistry. 
Subcellular organelles and prohibitin were visualized by DAPI (nuclear DNA, blue,  
369/460 nm absorbance/emission), MitoTracker (mitochondria, red, 578/599 nm 
absorbance/emission), and Alexa-488 (prohibitin, green, 495/519 nm absorbance/emission), 
by taking three color fluorescent images every hour. This kinetic assay confirmed that the 
signaling pathway was involved in prohibitin transit to the nucleus from mitochondria. 
H2O2 treated cells showed nuclear translocalization of prohibitin, whereas untreated cells 
showed localization in mitochondria. After 8 hrs, prohibitin showed an accumulation in the 
nucleus as compared to the control group. After 24 hrs, more nuclear prohibitin was 
observed and prohibitin didn’t show as much colocalization with mitochondria.  

To answer whether prohibitin is modified under stress condition, we tested the correlation 
between oxidative stress and the ratio of soluble vs. membrane-binding prohibitin. Because 
prohibitin may exist in both detergent-resistant and soluble fractions, we tried to separate 
prohibitins by longer running time SDS-PAGE. Soluble prohibitin in the cytosolic fraction 
moved faster when compared to membrane-bound mitochondrial and microsomal 
prohibitin. Detergent-resistant, membrane-binding prohibitin showed slightly higher 
molecular weight when compared to soluble prohibitin. We found that the ratio of soluble 
prohibitin to membrane binding prohibitin decreased under oxidative stress. Under stress 
condition, soluble prohibitin decreased and membrane-binding prohibitin increased. To 
answer how long this trend would last under oxidative stress, we performed a kinetic assay 
under oxidative stress. After 6 hrs, the soluble prohibitin level returned to its control level. It 
is possible that the membrane-binding and soluble form exists in different subcellular 
organelles, so we next examined the subcellular localization of prohibitin by fractionation.  

Membrane-binding prohibitin showed slightly higher molecular weight when compared to 
soluble prohibitin. We examined the correlation between oxidative stress and soluble vs. 
membrane-binding prohibitin and found that the ratio of soluble prohibitin to membrane 
binding prohibitin decreased under oxidative stress. Soluble prohibitin decreased and 
membrane-binding prohibitin increased under stress condition. Then we tested how long 
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this trend would last under oxidative stress. After 6 hrs, the soluble prohibitin level returned 
to its control level. It is possible that the membrane-binding and soluble form exists in 
different subcellular organelles, so we examined whether prohibitin binds a mitochondrial 
specific phospholipid, cardiolipin.  

6. Prohibitin binds cardiolipin under oxidative stress  

We asked whether prohibitin localization could be controlled by membrane lipid binding. 
We speculated that the localization and trafficking of prohibitin might be determined by 
mitochondrial-specific lipid such as cardiolipin. Lipid interaction assay demonstrated that 
mitochondrial prohibitin has a strong affinity at low cardiolipin concentration whereas 
nuclear prohibitin showed a much weaker affinity to cardiolipin, interacting at higher 
concentrations. Lipid analysis in ARPE-19 cells by mass spectrometry demonstrated that 
cardiolipin concentration decreased 20-70% under 200 M H2O2. 

This result suggests that membrane lipid and modification may determine prohibitin 
localization under oxidative stress. When cardiolipin concentration is low under oxidative 
stress, prohibitin moves to the nucleus. Then we tested whether prohibitin may have 
preference toward specific lipids when prohibitin is a limiting factor. Under normal 
condition, prohibitin from ARPE-19 cells demonstrated a strong interaction with 
phosphatidylinositol 3,4,5 triphosphate (PIP3), PIP2, PIP, and 3-sulfogalactosylceramide, but 
not with cardiolipin. Lipid binding affinity changed dramatically under oxidative stress. 
Prohibitin under stress showed a strong affinity toward cardiolipin, phosphatidylserine, and 
phosphatidic acid. This observation led us to conclude that prohibitin has an affinity 
towards negatively charged phospholipids, especially cardiolipin under oxidative stress.  

To examine prohibitin response under oxidative stress in detail, we then examined protein 
expression level changes in vitro using ARPE-19 cells. We examined whether prohibitin level 
changes under H2O2 in time and dose dependent manner. Protein analysis by SDS-PAGE 
and Western blot demonstrated that prohibitin is down-regulated under oxidative stress 
(50-200 M H2O2, 1-24 hrs). Cells treated with 200 M H2O2 showed a 40% decrease of 
prohibitin, but the levels between treated groups in 24 hrs revealed no significant difference 
by t-test, indicating that decreased levels of prohibitin under oxidative stress is an acute 
process that occurs within 2 hrs. This result suggests that the nuclear prohibitin may not be 
a newly synthesized protein as there was no prohibitin increase for 24 hrs; instead the 
nuclear prohibitin might be derived from mitochondria since prohibitin was not colocalized 
with mitochondria after extended H2O2 treatment. 

Our previous in vivo experiments suggest that prohibitin may respond differently in the retina 
and RPE under oxidative stress conditions, including diabetes and aging. To specify the 
location of prohibitin in cells, we separated subcellular fractions using serial centrifugations, 
specific detergents, and polyamines. Subcellular proteins were separated into soluble and 
insoluble nuclear and mitochondrial proteins as well as cytosolic and microsomal fractions. 
Denatured and native gel electrophoresis, followed by Western blot of subcellular organelle 
showed that prohibitin is widely distributed in cells but is centralized in mitochondria.  
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In mitochondrial fraction, prohibitin showed 32 kDa molecular weight and pI=5.6 as 
expected. Prohibitin was more acidic in the nucleus showing pI=5.3, possibly due to post-
translational modifications such as phosphorylation. Mass spectrometry analysis revealed 
that S101 and S151 sites are phosphorylated. Cytosolic prohibitin showed very basic spots of 
pI=6-7 and higher molecular weight as shown in the box.  

As each subcellular prohibitin showed different pI values in 2D electrophoresis, we 
examined potential post-translational modifications, including phosphorylation. Each 
fraction was separated by electrophoresis and prohibitin was visualized by Western blot 
using prohibitin and phospho-serine (pSer) antibodies. Only the nuclear fraction showed 
phosphorylated prohibitin shown by pSer Western blot. Mitochondrial, cytosolic, and 
microsomal prohibitin did not show phosphorylation. To confirm this data, we performed 
native gel electrophoresis and received the same result. 

7. Neuroprotective erythropoietin (EPO) 

Apoptosis is the primary mechanism that results in the abnormal death of photoreceptors, 
retinal ganglion cells (RGC), or retinal pigment epithelial cells (RPE) in degenerative retinal 
diseases, including age-related macular degeneration (AMD), retinitis pigmentosa (RP), and 
glaucoma. Light insults result in increased production of reactive oxygen and nitrogen species 
that include hydrogen peroxide and nitric oxide, which are involved in an early event of 
retinal degeneration. In response to intense or constant light triggers, neuroprotective proteins 
provide an antiapoptotic effect to protect retinal and retinal pigment epithelial (RPE) cells, 
however, the mechanisms remain elusive. Thus there is a critical need for understanding the 
intrinsic neuroprotective mechanisms that prevents apoptotic cell death. Our studies suggest 
that potential degeneration signaling may result from expression changes and 
phosphorylations of key proteins of EPO downstream. EPO down-regulates caspases and 
intense light up-regulates caspases, which imply that depleting EPO is one of the major light 
effects that can cause changes in protein expression through anti-apoptotic mechanisms.  

We demonstrated that the retinal expression of EPO and subsequent phosphorylation of 
Jak2 and Stat3 are tightly linked to the circadian clock after oxidative stress and in 
anticipation of daily light onset. Our data suggest that the neuroprotective effects of EPO 
might be involved the regulation of apoptotic signaling molecules, including Bcl-xL, and 
caspase-3. In the RPE, NO was proposed as a secondary messenger in phagocytosis. 
Interdependent regulation of NO and EPO has not been examined, even though recent 
studies imply potential interactions of NO-EPO through the Hif1a pathway.  

Retinal injury due to light occurs through oxidative mechanisms. Recently we demonstrated 
that the recycling reactions of 11-cis-retinal, called the visual cycle, is circadian coordinated  
to effectively protect the retina from the detrimental effects of light-induced and oxygen-
dependent damage [Chung et al., 2009, Lee et al., 2010a]. Our data suggested that the retinal 
expression of EPO and its receptor (EPOR), as well as subsequent Janus kinase 2 (Jak2) 
phosphorylations, are tightly linked to a time window after oxidative stress and in 
anticipation of daily light onset. This is consistent with physiological protection against 
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daily light-induced, oxidative mediated apoptosis [Hardeland et al., 2003; Hrushesky 1985; 
Scheving et al., 1988; Smaaland et al., 1991; Smaaland et al., 1992].  

We found that nitric oxide (NO) was generated in RPE cells under light exposure. NO is 
related to the inhibition of ischemic injury and plays a key role in the delayed cell death 
following transient retinal ischemia. Thus, NO is proposed as a neuroprotective molecule or 
neurotoxic reagent based on its local concentration. In the RPE, NO was proposed as a 
second messenger in phagocytosis. Interdependent regulation of nitric oxide and EPO has 
not been examined, even though recent studies imply potential interactions of NO-EPO 
through either HIF1a or arginine metabolism. Appropriate levels of nitric oxide (NO) may 
cause up-regulation of EPO/EPOR in RPE and thereby assist in limiting retinal degeneration.  

EPO has been extensively studied for its neuroprotective role for the past 10 years, but the 
regulation mechanisms have not been understood at the molecular level [Brines and Cerami, 
2005; Calapai et al., 2000; Jelkmann 2007; Kanaan et al., 2006; Kawakami et al., 2001; Li et al., 
2007; Mauer 1965; Miyake et al., 1977; Yamaji et al., 1996; Zhong et al., 2007]. Previous 
approaches using the in vivo mice model was not satisfactory, because the EPO knockout 
mice model is lethal. No approach to date has been effective in moving beyond the addition 
of EPO in vitro and in vivo.  

The in vivo erythropoietic effects of administered EPO are known to depend upon the time 
of administration [Wood et al, 1998; Bellamy et al., 1988]. Moreover, elevated EPO levels 
during the proliferative stage may contribute to neovascularization and accelerate 
pathological angiogenesis, in which EPO showed little therapeutic effect at later stages of 
retinopathy [Chen et al., 2008]. Light kills retinal cells. In response to light, neuroprotective 
proteins trigger an anti-apoptotic pathway in the retina to protect cells from light-induced 
oxidative stress. However, the mechanism that regulates expression of these retinal proteins 
remains elusive.  

Erythropoietin (EPO) is an oxygen-dependent hematopoietic cytokine that stimulates the 
proliferation, differentiation, and survival of erythroid progenitor cells. EPO protects cells 
from neuronal damage, including experimental central nervous system models of hypoxic 
and ischemic insults [Jelkmann and Metzen, 1996; Jelkmann, 2005]. Oxygen dependent 
mechanisms are derived from models such as traumatic brain injury [Brines et al., 2000], 
spinal cord injury [Celik et al., 2002], Parkinson’s disease [Kanaan et al., 2006], excitotoxicity 
[Kawakami et al., 2001; Morishita et al., 1997], oxidative stress [Calapai et al., 2000] and 
chemical neurotoxicity [Genc et al., 2001]. EPO can protect retinal ganglion cells (RGCs) 
from degeneration induced by acute ischemia reperfusion injury [Liu XT et al., 2006] and 
axotomy injury [Weishaupt et al., 2004]. 

EPO promotes survival of RGCs in a glaucoma mouse model [Zhong et al., 2007], and 
stimulates neurogenesis and post-stroke recovery [Tsai et al., 2006]. In vitro models reveal 
that EPO stimulates neuritic outgrowth by postnatal [Böcker-Meffert et al., 2002] and adult 
RGCs [Kretz et al., 2005]. EPO is produced in the retina in response to acute hypoxia via Hif-
1α stabilization, which confers protection from light-induced retinal degeneration [Grimm 
et al., 2002]. The specific role of EPO was emphasized in that only EPO gene expression was 
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In mitochondrial fraction, prohibitin showed 32 kDa molecular weight and pI=5.6 as 
expected. Prohibitin was more acidic in the nucleus showing pI=5.3, possibly due to post-
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that S101 and S151 sites are phosphorylated. Cytosolic prohibitin showed very basic spots of 
pI=6-7 and higher molecular weight as shown in the box.  
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fraction was separated by electrophoresis and prohibitin was visualized by Western blot 
using prohibitin and phospho-serine (pSer) antibodies. Only the nuclear fraction showed 
phosphorylated prohibitin shown by pSer Western blot. Mitochondrial, cytosolic, and 
microsomal prohibitin did not show phosphorylation. To confirm this data, we performed 
native gel electrophoresis and received the same result. 
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diseases, including age-related macular degeneration (AMD), retinitis pigmentosa (RP), and 
glaucoma. Light insults result in increased production of reactive oxygen and nitrogen species 
that include hydrogen peroxide and nitric oxide, which are involved in an early event of 
retinal degeneration. In response to intense or constant light triggers, neuroprotective proteins 
provide an antiapoptotic effect to protect retinal and retinal pigment epithelial (RPE) cells, 
however, the mechanisms remain elusive. Thus there is a critical need for understanding the 
intrinsic neuroprotective mechanisms that prevents apoptotic cell death. Our studies suggest 
that potential degeneration signaling may result from expression changes and 
phosphorylations of key proteins of EPO downstream. EPO down-regulates caspases and 
intense light up-regulates caspases, which imply that depleting EPO is one of the major light 
effects that can cause changes in protein expression through anti-apoptotic mechanisms.  

We demonstrated that the retinal expression of EPO and subsequent phosphorylation of 
Jak2 and Stat3 are tightly linked to the circadian clock after oxidative stress and in 
anticipation of daily light onset. Our data suggest that the neuroprotective effects of EPO 
might be involved the regulation of apoptotic signaling molecules, including Bcl-xL, and 
caspase-3. In the RPE, NO was proposed as a secondary messenger in phagocytosis. 
Interdependent regulation of NO and EPO has not been examined, even though recent 
studies imply potential interactions of NO-EPO through the Hif1a pathway.  

Retinal injury due to light occurs through oxidative mechanisms. Recently we demonstrated 
that the recycling reactions of 11-cis-retinal, called the visual cycle, is circadian coordinated  
to effectively protect the retina from the detrimental effects of light-induced and oxygen-
dependent damage [Chung et al., 2009, Lee et al., 2010a]. Our data suggested that the retinal 
expression of EPO and its receptor (EPOR), as well as subsequent Janus kinase 2 (Jak2) 
phosphorylations, are tightly linked to a time window after oxidative stress and in 
anticipation of daily light onset. This is consistent with physiological protection against 
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daily light-induced, oxidative mediated apoptosis [Hardeland et al., 2003; Hrushesky 1985; 
Scheving et al., 1988; Smaaland et al., 1991; Smaaland et al., 1992].  

We found that nitric oxide (NO) was generated in RPE cells under light exposure. NO is 
related to the inhibition of ischemic injury and plays a key role in the delayed cell death 
following transient retinal ischemia. Thus, NO is proposed as a neuroprotective molecule or 
neurotoxic reagent based on its local concentration. In the RPE, NO was proposed as a 
second messenger in phagocytosis. Interdependent regulation of nitric oxide and EPO has 
not been examined, even though recent studies imply potential interactions of NO-EPO 
through either HIF1a or arginine metabolism. Appropriate levels of nitric oxide (NO) may 
cause up-regulation of EPO/EPOR in RPE and thereby assist in limiting retinal degeneration.  

EPO has been extensively studied for its neuroprotective role for the past 10 years, but the 
regulation mechanisms have not been understood at the molecular level [Brines and Cerami, 
2005; Calapai et al., 2000; Jelkmann 2007; Kanaan et al., 2006; Kawakami et al., 2001; Li et al., 
2007; Mauer 1965; Miyake et al., 1977; Yamaji et al., 1996; Zhong et al., 2007]. Previous 
approaches using the in vivo mice model was not satisfactory, because the EPO knockout 
mice model is lethal. No approach to date has been effective in moving beyond the addition 
of EPO in vitro and in vivo.  

The in vivo erythropoietic effects of administered EPO are known to depend upon the time 
of administration [Wood et al, 1998; Bellamy et al., 1988]. Moreover, elevated EPO levels 
during the proliferative stage may contribute to neovascularization and accelerate 
pathological angiogenesis, in which EPO showed little therapeutic effect at later stages of 
retinopathy [Chen et al., 2008]. Light kills retinal cells. In response to light, neuroprotective 
proteins trigger an anti-apoptotic pathway in the retina to protect cells from light-induced 
oxidative stress. However, the mechanism that regulates expression of these retinal proteins 
remains elusive.  

Erythropoietin (EPO) is an oxygen-dependent hematopoietic cytokine that stimulates the 
proliferation, differentiation, and survival of erythroid progenitor cells. EPO protects cells 
from neuronal damage, including experimental central nervous system models of hypoxic 
and ischemic insults [Jelkmann and Metzen, 1996; Jelkmann, 2005]. Oxygen dependent 
mechanisms are derived from models such as traumatic brain injury [Brines et al., 2000], 
spinal cord injury [Celik et al., 2002], Parkinson’s disease [Kanaan et al., 2006], excitotoxicity 
[Kawakami et al., 2001; Morishita et al., 1997], oxidative stress [Calapai et al., 2000] and 
chemical neurotoxicity [Genc et al., 2001]. EPO can protect retinal ganglion cells (RGCs) 
from degeneration induced by acute ischemia reperfusion injury [Liu XT et al., 2006] and 
axotomy injury [Weishaupt et al., 2004]. 

EPO promotes survival of RGCs in a glaucoma mouse model [Zhong et al., 2007], and 
stimulates neurogenesis and post-stroke recovery [Tsai et al., 2006]. In vitro models reveal 
that EPO stimulates neuritic outgrowth by postnatal [Böcker-Meffert et al., 2002] and adult 
RGCs [Kretz et al., 2005]. EPO is produced in the retina in response to acute hypoxia via Hif-
1α stabilization, which confers protection from light-induced retinal degeneration [Grimm 
et al., 2002]. The specific role of EPO was emphasized in that only EPO gene expression was 
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significantly affected among various angiogenic factors in Hif-1a-Like Factor (HLF) 
knockdown model [Morita et al., 2003].  

However, controversial discussions of EPO in retinal neuroprotection exist. Understanding 
EPO function in pathological angiogenesis is critical to timing for intervention [Chen et al., 
2008]. Our studies demonstrated that EPO and EPOR interactions represent an important 
retinal shield from physiologic and pathologic light-induced oxidative injury. 

To test the hypothesis that EPO is regulated by light in vivo, retinas from mice subjected to 
normal 12 h light/dark cycle were accessed for EPO and EPOR protein content. Retinal EPO 
increased for 2 h after the light turned on and gradually declined in the late light phase. 
However, 2 h before the light returned, EPO increased. The 24 h pattern of EPOR followed a 
similar pattern to EPO. This result suggests that the endogenous circadian clock may 
regulate EPO and EPOR levels such that they increase just before light onset in anticipation 
of the daily light period (L/D 22 h). However, under constant dark condition (D/D 22 h), 
EPO/EPOR were not upregulated.  

Our data demonstrated that the circadian organization of retinal EPO and EPOR elaboration 
is a potentially effective endogenous physiologic strategy for retinal protection from light-
induced, oxygen-mediated damage. These findings are consistent with documented 
circadian regulation of the full range of oxidative damage protecting enzymes or 
antioxidants, including glutathione (GSH/GSSG).  

Then, we tested the hypothesis that oxidative stress, including intense light, hypoxia, and 
hyperoxia, may induce EPO response in the retina in vitro. As early as 15 min after light 
exposure in retinal cells, EPO expression increased. Immunoblots showed that expressions 
of EPO increased 1 h after exposure to hypoxia and hyperoxia. In retinal and RPE cells, cells 
appeared morphologically viable, and no cell death was noticed for 6 hrs under hypoxic and 
hyperoxic conditions. Under oxidative stress, upregulation of EPO confers a neuroprotective 
function against retinal degeneration. Our aim was to explicate the role of the light and 
oxidative stress in the control of neuroprotective EPO expression in the retina and RPE.  

We treated EPO (50-200 U) on rat retinal cells and human RPE cells in vitro under oxidative 
stress to examine its protective effect. EPO inhibited caspase-3 activation in retinal cells 
under stress, indicating that EPO is anti-apoptotic.  

As an endpoint analysis, we performed a cell viability assay using a rat retina and human 
primary RPE cell culture treated with H2O2 as an oxidative stress model for a control 
experiment. At a concentration of 20 µM or higher for 3 hrs, H2O2 exerted significant toxicity 
to retinal cell cultures. H2O2-induced retinal cell death was reduced to 40, 46, or 43 %, 
respectively, by 30 min pretreatment of 50 units of EPO with 40 µM H2O2 for 6, 12, and 24 
hrs. In contrast, only a mild protective effect (15%) was observed in the RPE exposed to 
H2O2 by EPO treatment in 24 hrs.  

To see the protective effect in the RPE, a high dose of EPO (up to 200 U) was required, and 
was found mildly toxic to the RPE cells. Phase-contrast photomicrographs showed that no 
significant cell death occurred in sham-washed control or treated human RPE cells with 400 
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µM H2O2 for 12 h. Cell viability was assessed by the amount of lactate dehydrogenase 
(LDH) release measured from the medium of RPE cultures exposed to H2O2 for 3, 6, 12, and 
24 hrs.  

EPO is a powerful cytoprotective protein against apoptosis. However, elevated levels of 
EPO are found in the vitreous due to proliferative diabetic retinopathy [Katsura et al., 2005; 
Watanabe et al., 2005]. In addition, high dose of EPO increased the risk of cardiovascular 
disease and tumor growth [Singh et al., 2006; Bohlius et al., 2006]. 

These studies suggest a role of EPO in pathological retinal angiogenesis. The effects of EPO 
on angiogenesis are not well understood and the role of EPO in vascular stability is not 
clear. Understanding the functional role of EPO on angiogenesis is beneficial to patients 
with diabetic retinopathy (DR) and retinopathy of prematurity (ROP). EPO has been known 
to promote endothelial cell proliferation and vessel growth, however, the influence of EPO 
on apoptotic signaling and retinopathy is beginning to be understood. To determine the 
effects of EPO on vessel growth, we explored downstream regulators of EPO under normal 
physiological condition. VEGFR1 and angiotensin I/II as two major angiogenic factors were 
examined. VEGFR1 in the retina and angiotensin I/II in RPE increased after EPO treatment 
(100 U) in 6-12 h, respectively.  

Our study suggests that the role of EPO in the development of initial vessel loss via 
VEGF/VEGFR/angiotensin signaling. This signaling is important in understanding retinal 
vessel loss that is initiated prior to neovascularization. The initial vessel loss determines the 
severity of neovascularization. VEGF was downregulated upon EPO knockdown in RPE 
cells, which may suggest that EPO and VEGF expression is regulated in parallel, and they 
may interact directly or indirectly.  

EPO induces the proangiogenic phenotype in rat retina and human RPE cells. Addition of EPO 
correlates with the progression of VEGFR and AngiotensinI/II, which suggests that EPO might 
be an endogenous stimulant of vessel growth during retinal angiogenesis and in the 
development of neovascularization. Possibly, EPO mediates the renin-angiotensin system 
(RAS) which may promote neovascularization through local changes in blood flow and 
production of VEGF. EPO is considered as a proinflammatory agent since it triggers the 
expression of angiotensin I/II, which may act as an inflammatory agent by enhancing vascular 
permeability through VEGF. We examined whether the EPO-dependent pathway is up-
regulated or down-regulated in various oxygen-imbalance conditions. Along with increased 
levels of EPO after light exposure, levels of rhodopsin in retinal cells increased as early as 15 
min after 5000 lux light exposure in a time-dependent manner. RPE65 cleavage increased after 
15 min exposure to 5000 lux light in the RPE. Immunoblots for Bcl-xL and c-Fos showed that 
the neuroprotective effects of EPO may involve upregulation of these early markers in stress-
induced condition. Anti-apoptotic Bcl-xL and c-Fos were also up-regulated in the light. EPO-
mediated neuroprotective effects attribute to interaction with Jak2, Bcl-xL, and c-Fos. Other 
downstream regulators such as Stat3 might be required for anti-apoptotic Bcl-xL induction as 
shown in the motor neuron [Schweizer et al, 2002]. Jak2 and Stat3 phosphorylations in retinal 
and RPE cells increased under hypoxia, hyperoxia, and light exposure. 
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significantly affected among various angiogenic factors in Hif-1a-Like Factor (HLF) 
knockdown model [Morita et al., 2003].  

However, controversial discussions of EPO in retinal neuroprotection exist. Understanding 
EPO function in pathological angiogenesis is critical to timing for intervention [Chen et al., 
2008]. Our studies demonstrated that EPO and EPOR interactions represent an important 
retinal shield from physiologic and pathologic light-induced oxidative injury. 

To test the hypothesis that EPO is regulated by light in vivo, retinas from mice subjected to 
normal 12 h light/dark cycle were accessed for EPO and EPOR protein content. Retinal EPO 
increased for 2 h after the light turned on and gradually declined in the late light phase. 
However, 2 h before the light returned, EPO increased. The 24 h pattern of EPOR followed a 
similar pattern to EPO. This result suggests that the endogenous circadian clock may 
regulate EPO and EPOR levels such that they increase just before light onset in anticipation 
of the daily light period (L/D 22 h). However, under constant dark condition (D/D 22 h), 
EPO/EPOR were not upregulated.  

Our data demonstrated that the circadian organization of retinal EPO and EPOR elaboration 
is a potentially effective endogenous physiologic strategy for retinal protection from light-
induced, oxygen-mediated damage. These findings are consistent with documented 
circadian regulation of the full range of oxidative damage protecting enzymes or 
antioxidants, including glutathione (GSH/GSSG).  

Then, we tested the hypothesis that oxidative stress, including intense light, hypoxia, and 
hyperoxia, may induce EPO response in the retina in vitro. As early as 15 min after light 
exposure in retinal cells, EPO expression increased. Immunoblots showed that expressions 
of EPO increased 1 h after exposure to hypoxia and hyperoxia. In retinal and RPE cells, cells 
appeared morphologically viable, and no cell death was noticed for 6 hrs under hypoxic and 
hyperoxic conditions. Under oxidative stress, upregulation of EPO confers a neuroprotective 
function against retinal degeneration. Our aim was to explicate the role of the light and 
oxidative stress in the control of neuroprotective EPO expression in the retina and RPE.  

We treated EPO (50-200 U) on rat retinal cells and human RPE cells in vitro under oxidative 
stress to examine its protective effect. EPO inhibited caspase-3 activation in retinal cells 
under stress, indicating that EPO is anti-apoptotic.  

As an endpoint analysis, we performed a cell viability assay using a rat retina and human 
primary RPE cell culture treated with H2O2 as an oxidative stress model for a control 
experiment. At a concentration of 20 µM or higher for 3 hrs, H2O2 exerted significant toxicity 
to retinal cell cultures. H2O2-induced retinal cell death was reduced to 40, 46, or 43 %, 
respectively, by 30 min pretreatment of 50 units of EPO with 40 µM H2O2 for 6, 12, and 24 
hrs. In contrast, only a mild protective effect (15%) was observed in the RPE exposed to 
H2O2 by EPO treatment in 24 hrs.  

To see the protective effect in the RPE, a high dose of EPO (up to 200 U) was required, and 
was found mildly toxic to the RPE cells. Phase-contrast photomicrographs showed that no 
significant cell death occurred in sham-washed control or treated human RPE cells with 400 

 
Early Biosignature of Retina Degeneration 137 

µM H2O2 for 12 h. Cell viability was assessed by the amount of lactate dehydrogenase 
(LDH) release measured from the medium of RPE cultures exposed to H2O2 for 3, 6, 12, and 
24 hrs.  

EPO is a powerful cytoprotective protein against apoptosis. However, elevated levels of 
EPO are found in the vitreous due to proliferative diabetic retinopathy [Katsura et al., 2005; 
Watanabe et al., 2005]. In addition, high dose of EPO increased the risk of cardiovascular 
disease and tumor growth [Singh et al., 2006; Bohlius et al., 2006]. 

These studies suggest a role of EPO in pathological retinal angiogenesis. The effects of EPO 
on angiogenesis are not well understood and the role of EPO in vascular stability is not 
clear. Understanding the functional role of EPO on angiogenesis is beneficial to patients 
with diabetic retinopathy (DR) and retinopathy of prematurity (ROP). EPO has been known 
to promote endothelial cell proliferation and vessel growth, however, the influence of EPO 
on apoptotic signaling and retinopathy is beginning to be understood. To determine the 
effects of EPO on vessel growth, we explored downstream regulators of EPO under normal 
physiological condition. VEGFR1 and angiotensin I/II as two major angiogenic factors were 
examined. VEGFR1 in the retina and angiotensin I/II in RPE increased after EPO treatment 
(100 U) in 6-12 h, respectively.  

Our study suggests that the role of EPO in the development of initial vessel loss via 
VEGF/VEGFR/angiotensin signaling. This signaling is important in understanding retinal 
vessel loss that is initiated prior to neovascularization. The initial vessel loss determines the 
severity of neovascularization. VEGF was downregulated upon EPO knockdown in RPE 
cells, which may suggest that EPO and VEGF expression is regulated in parallel, and they 
may interact directly or indirectly.  

EPO induces the proangiogenic phenotype in rat retina and human RPE cells. Addition of EPO 
correlates with the progression of VEGFR and AngiotensinI/II, which suggests that EPO might 
be an endogenous stimulant of vessel growth during retinal angiogenesis and in the 
development of neovascularization. Possibly, EPO mediates the renin-angiotensin system 
(RAS) which may promote neovascularization through local changes in blood flow and 
production of VEGF. EPO is considered as a proinflammatory agent since it triggers the 
expression of angiotensin I/II, which may act as an inflammatory agent by enhancing vascular 
permeability through VEGF. We examined whether the EPO-dependent pathway is up-
regulated or down-regulated in various oxygen-imbalance conditions. Along with increased 
levels of EPO after light exposure, levels of rhodopsin in retinal cells increased as early as 15 
min after 5000 lux light exposure in a time-dependent manner. RPE65 cleavage increased after 
15 min exposure to 5000 lux light in the RPE. Immunoblots for Bcl-xL and c-Fos showed that 
the neuroprotective effects of EPO may involve upregulation of these early markers in stress-
induced condition. Anti-apoptotic Bcl-xL and c-Fos were also up-regulated in the light. EPO-
mediated neuroprotective effects attribute to interaction with Jak2, Bcl-xL, and c-Fos. Other 
downstream regulators such as Stat3 might be required for anti-apoptotic Bcl-xL induction as 
shown in the motor neuron [Schweizer et al, 2002]. Jak2 and Stat3 phosphorylations in retinal 
and RPE cells increased under hypoxia, hyperoxia, and light exposure. 
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Proangiogenic protein VEGF is up-regulated under hypoxic conditions in the retina and the 
RPE. Our data demonstrated that EPO and VEGF expressions are regulated in parallel, and 
they may interact directly or indirectly. We will test our hypothesis that pro-angiogenic 
signaling of VEGF regulated by EPO. 

EPO and EPOR had a similar pattern of distribution in both neurons and astrocytes. Within 
3 hrs after exposure to hypoxia, expression of EPO and EPOR in various retinal cells 
increased. The number of co-localized cells with EPO/EPOR with retinal cell markers also 
increased in 1% O2 hypoxic condition. Relative levels of EPO mRNA were determined by 
real time-PCR in hypoxia. An elevated EPO level was detected after exposure of primary 
retinal cells to hypoxia (1% O2) with 6-fold up-regulation after 12 h. We observed intense 
light induced up-regulation of c-Fos, Bcl-xL, thioredoxin pJak2, pSTAT3 in early passage of 
human RPE cells. Rat retina cells under bright light up-regulated pJak2, EPO, and EPOR in 
an hour. pJak2 and pStat3 in the RPE increased in hypoxic condition (1% O2). 
Phosphorylation of Jak2 and Stat3 was confirmed as shown by phospho-Western blot. As an 
upstream regulator of EPO, HIF-1a was examined. HIF-1a increased in light, hyperoxic, and 
hypoxic conditions.  

8. Cytoskeletal reorganization under oxidative stress 

Not only intense light but also constant moderate light may trigger induction of anti-
apoptotic Bcl-xL, EPO, and pro-apoptotic caspases. We postulate that light may induce post-
translational modifications of target proteins. Previously, we identified that serine/threonine 
protein phosphatase 2A (PP2A) is induced and modified under constant light in vivo.  

To our knowledge, protein nitration mechanism under various oxidative environmental 
conditions, including intense light and continuous light, has never been studied in retinal 
cell cultures, RPE cells, or mouse model system. Our contribution here is expected to be a 
detailed understanding of how PP2A modification of a subunit is regulated by endogenous 
signaling molecule, nitric oxide (NO). PP2A and vimentin might be critically involved in the 
process of light-induced retinal and RPE cell damage. It is expected that what is learned will 
be equally applicable to anti-apoptotic mechanism. In addition, the research will be of 
significance because what is learned will contribute to broader understanding of how other 
phosphatase activity can be modulated as an approach to therapy.  

Although the potential importance of protein dephosphorylation as a therapeutic target has 
been appreciated, no detailed approach has been made targeting PP2A. Abnormalities in 
PP2A activity and concentrations have been linked to neurodegenerative diseases, including 
Alzheimer’s and Parkinson’s. The mechanism by which PP2A activity is regulated under 
oxidative stress remains largely elusive. Despite recent advances on structural investigation 
of PP2A, comprehensive understanding of dephosphorylation mechanism is far from 
complete.  

Our data suggests that PP2A and vimentin are critically involved in the process of light-
induced damage in the retina and RPE. By modulation of light-induced post-translational 
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modifications of PP2A, vimentin may assist in maintaining the proper filament network in 
Müller cells, which subsequently supports neuronal survival and architecture in the retina. 
Dephosphorylation switch by tyrosine nitration will provide new targets for therapeutic 
interactions in apoptosis-mediated disorders.  

Light-induced photoreceptor damage depends on the functional visual cycle, a biochemical 
regeneration of 11-cis-retinal chromophore. The induction of light damage depends on the 
light condition; acute damage by intense light requires rhodopsin bleaching, whereas 
constant moderate light involves phototransduction. Recently we showed that the visual 
cycle is coordinated in a circadian manner as a means of effectively protecting the retina 
from the detrimental effects of light-induced, oxygen-dependent, free-radical-mediated 
damage, especially at the times of day when light is more intense [Chung et al, 2009]. RPE65 
defects are known to trigger a remodeling of the retina that disrupt photoreceptor 
homeostasis and induce an apoptotic cascade causing retinal degeneration [Grimm et al., 
2000; Wenzel et al., 2005]. As a downstream signal of light-induced signaling, anti-apoptotic 
proteins, including erythropoietin (EPO) and subsequent Janus kinase 2 (Jak2) 
phosphorylations, are tightly linked to a specific temporal period after oxidative stress and 
in anticipation of daily light onset. This is consistent with physiological protection against 
daily light-induced, oxidative mediated retinal apoptosis [Noell et al., 1966; Chung et al, 
2009]. Continuous exposure to bright light (5000 lux) within 60 minutes induced apoptosis 
in retinal cells by activating caspase-3 signals. This suggests that endogenous 
neuroprotective proteins may not be sufficient in such intense oxidative stress conditions. 
Thus, we are seeking to define effective endogenous physiological neuroprotective 
strategies for anti-apoptosis from light-induced, oxygen-mediated damages that have 
clinical relevance.  

The expression levels of a scaffold subunit of PP2Aa and vimentin are significantly 
increased when mice are exposed under continuous light for 7 days compared to control in 
rd 1 degeneration model [Zhang et al., 2010]. When melatonin is administered to animals 
while they are exposed to continuous light, the levels of vimentin and PP2A return to a 
normal level. Vimentin is a PP2A target of direct dephosphorylation. Vimentin is present in 
all mesenchymal cells and often used as a differentiation marker. Like other intermediate 
filaments, vimentin acts to maintain cellular integrity; further, vimentin may play a role in 
adhesion, migration, and cellular survival in the RPE. We demonstrated that bright light up-
regulates pro-apoptotic signaling by cleavage of caspase-3 and Bcl-xL [Chung et al., 2009].  

Exposure to continuous light at intensities ordinarily encountered during daytime causes 
retinal degeneration. How constant light induces retinal degeneration remains unknown, 
although potential mechanisms have been proposed, including defects in rhodopsin 
regeneration, accumulation of free radicals, and a continuous low level of Ca2+ resulting 
from an excessively active phototransduction cascade.  

We examined the impact of constant light-exposed proteome changes in vivo. We exposed 
mice to either light (250-300 lux) for 12 hours followed by 12 hours of darkness or the same 
intensity of continuous light for seven days. Two proteins up-regulated by continuous light 
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Proangiogenic protein VEGF is up-regulated under hypoxic conditions in the retina and the 
RPE. Our data demonstrated that EPO and VEGF expressions are regulated in parallel, and 
they may interact directly or indirectly. We will test our hypothesis that pro-angiogenic 
signaling of VEGF regulated by EPO. 

EPO and EPOR had a similar pattern of distribution in both neurons and astrocytes. Within 
3 hrs after exposure to hypoxia, expression of EPO and EPOR in various retinal cells 
increased. The number of co-localized cells with EPO/EPOR with retinal cell markers also 
increased in 1% O2 hypoxic condition. Relative levels of EPO mRNA were determined by 
real time-PCR in hypoxia. An elevated EPO level was detected after exposure of primary 
retinal cells to hypoxia (1% O2) with 6-fold up-regulation after 12 h. We observed intense 
light induced up-regulation of c-Fos, Bcl-xL, thioredoxin pJak2, pSTAT3 in early passage of 
human RPE cells. Rat retina cells under bright light up-regulated pJak2, EPO, and EPOR in 
an hour. pJak2 and pStat3 in the RPE increased in hypoxic condition (1% O2). 
Phosphorylation of Jak2 and Stat3 was confirmed as shown by phospho-Western blot. As an 
upstream regulator of EPO, HIF-1a was examined. HIF-1a increased in light, hyperoxic, and 
hypoxic conditions.  

8. Cytoskeletal reorganization under oxidative stress 

Not only intense light but also constant moderate light may trigger induction of anti-
apoptotic Bcl-xL, EPO, and pro-apoptotic caspases. We postulate that light may induce post-
translational modifications of target proteins. Previously, we identified that serine/threonine 
protein phosphatase 2A (PP2A) is induced and modified under constant light in vivo.  

To our knowledge, protein nitration mechanism under various oxidative environmental 
conditions, including intense light and continuous light, has never been studied in retinal 
cell cultures, RPE cells, or mouse model system. Our contribution here is expected to be a 
detailed understanding of how PP2A modification of a subunit is regulated by endogenous 
signaling molecule, nitric oxide (NO). PP2A and vimentin might be critically involved in the 
process of light-induced retinal and RPE cell damage. It is expected that what is learned will 
be equally applicable to anti-apoptotic mechanism. In addition, the research will be of 
significance because what is learned will contribute to broader understanding of how other 
phosphatase activity can be modulated as an approach to therapy.  

Although the potential importance of protein dephosphorylation as a therapeutic target has 
been appreciated, no detailed approach has been made targeting PP2A. Abnormalities in 
PP2A activity and concentrations have been linked to neurodegenerative diseases, including 
Alzheimer’s and Parkinson’s. The mechanism by which PP2A activity is regulated under 
oxidative stress remains largely elusive. Despite recent advances on structural investigation 
of PP2A, comprehensive understanding of dephosphorylation mechanism is far from 
complete.  

Our data suggests that PP2A and vimentin are critically involved in the process of light-
induced damage in the retina and RPE. By modulation of light-induced post-translational 
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modifications of PP2A, vimentin may assist in maintaining the proper filament network in 
Müller cells, which subsequently supports neuronal survival and architecture in the retina. 
Dephosphorylation switch by tyrosine nitration will provide new targets for therapeutic 
interactions in apoptosis-mediated disorders.  

Light-induced photoreceptor damage depends on the functional visual cycle, a biochemical 
regeneration of 11-cis-retinal chromophore. The induction of light damage depends on the 
light condition; acute damage by intense light requires rhodopsin bleaching, whereas 
constant moderate light involves phototransduction. Recently we showed that the visual 
cycle is coordinated in a circadian manner as a means of effectively protecting the retina 
from the detrimental effects of light-induced, oxygen-dependent, free-radical-mediated 
damage, especially at the times of day when light is more intense [Chung et al, 2009]. RPE65 
defects are known to trigger a remodeling of the retina that disrupt photoreceptor 
homeostasis and induce an apoptotic cascade causing retinal degeneration [Grimm et al., 
2000; Wenzel et al., 2005]. As a downstream signal of light-induced signaling, anti-apoptotic 
proteins, including erythropoietin (EPO) and subsequent Janus kinase 2 (Jak2) 
phosphorylations, are tightly linked to a specific temporal period after oxidative stress and 
in anticipation of daily light onset. This is consistent with physiological protection against 
daily light-induced, oxidative mediated retinal apoptosis [Noell et al., 1966; Chung et al, 
2009]. Continuous exposure to bright light (5000 lux) within 60 minutes induced apoptosis 
in retinal cells by activating caspase-3 signals. This suggests that endogenous 
neuroprotective proteins may not be sufficient in such intense oxidative stress conditions. 
Thus, we are seeking to define effective endogenous physiological neuroprotective 
strategies for anti-apoptosis from light-induced, oxygen-mediated damages that have 
clinical relevance.  

The expression levels of a scaffold subunit of PP2Aa and vimentin are significantly 
increased when mice are exposed under continuous light for 7 days compared to control in 
rd 1 degeneration model [Zhang et al., 2010]. When melatonin is administered to animals 
while they are exposed to continuous light, the levels of vimentin and PP2A return to a 
normal level. Vimentin is a PP2A target of direct dephosphorylation. Vimentin is present in 
all mesenchymal cells and often used as a differentiation marker. Like other intermediate 
filaments, vimentin acts to maintain cellular integrity; further, vimentin may play a role in 
adhesion, migration, and cellular survival in the RPE. We demonstrated that bright light up-
regulates pro-apoptotic signaling by cleavage of caspase-3 and Bcl-xL [Chung et al., 2009].  

Exposure to continuous light at intensities ordinarily encountered during daytime causes 
retinal degeneration. How constant light induces retinal degeneration remains unknown, 
although potential mechanisms have been proposed, including defects in rhodopsin 
regeneration, accumulation of free radicals, and a continuous low level of Ca2+ resulting 
from an excessively active phototransduction cascade.  

We examined the impact of constant light-exposed proteome changes in vivo. We exposed 
mice to either light (250-300 lux) for 12 hours followed by 12 hours of darkness or the same 
intensity of continuous light for seven days. Two proteins up-regulated by continuous light 
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were identified as PP2A and vimentin by mass spectrometry. We examined cytoskeletal 
proteins as potential substrates of PP2A. Cytoskeletal filament proteins were upregulated 
under constant light condition in vivo. Neurofilament, intermediate filament vimentin, 
tubulin, and actin increased in different levels under constant light exposure. The 
cytoskeletal target proteins were further analyzed by mass spectrometry to determine their 
modifications. Site-specific nitration and phosphorylations were found in PP2A and 
filament proteins.  
 

Protein Site Modification 
PP2Aa Y169 nitration 

Actin b cytoplasmic 1 T186 phosphorylation 
Tubulin b 2B Y50, Y51, T55 phosphorylation 
Tubulin b 5 Y159 nitration 
Tubulin b 5 S168, S172 phosphorylation 
Vimentin Y38, S325 ,S412, S420 phosphorylation 

Table 3. Modifications of PP2A and filament proteins under constant light in vivo 

Vimentin is a major component of intermediate filament that spread throughout the cell and 
serve as signal transducer conveying mechanical and molecular information from cell 
surface to nucleus and intracellular compartments. Neuronal cytoskeleton is a potential 
therapeutic target in neurodegenerative diseases. Vimentin phosphorylations were further 
analyzed by 2D electrophoresis with narrow range of pI for higher resolution. Vimentin 
phosphorylation decreased under constant light in vivo. Modifications of vimentin are 
essential reactions of filament dynamics. Changes of vimentin phosphorylation are directed 
to reorganization of the intermediate filament network and altered function of Müller cells.  

Hyperphosphorylation of vimentin can disassemble intermediate filament into soluble 
monomeric form. Müller cells are the major glial cells in the retina and play crucial roles in 
maintaining neuroretinal architecture and support neuronal survival. Our results suggest that 
vimentin and Müller cells might be critically involved in the process of light-induced damage 
in the retina. By reducing the light-induced post-translational modification of vimentin, PP2A 
may assist to maintain the proper filament network in Müller cells, which subsequently 
supports neuronal survival and architecture in the retina. To test changes of PP2A and 
cytoskeletal proteins in RPE in vitro, we examined ARPE-19 cells under stress condition. When 
RPE cells were under oxidative stress (100-250 M H2O2), a catalytic subunit PP2Ac was 
initially upregulated, then decreased in time and dose dependent manner.  

A decrease in cytoskeletal protein turnover leads to the accumulation of large aggregates of 
actin and tubulin, which triggers an increase in the levels of reactive oxygen species (ROS). 
Dynamic and differential changes in the cytoskeleton occur in apoptotic cellular processes. 
Thus, we ask how phosphorylation of vimentin regulates cytoskeletal dynamics and cell 
survival under stress conditions in RPE. We hypothesize that the modifications of PP2A and 
vimentin influence the cytoskeletal network through interplay with other cytoskeletal proteins. 
A stabilized vimentin may act as an antiapoptotic agent when cells are under stress.  
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Methylation and phosphorylation of PP2A catalytic c subunit are evolutionary conserved 
mechanisms that critically control the PP2A holoenzyme assembly and substrate specificity. 
However, interplay of PP2A nitration and phosphorylation that may control subunit 
binding has never been studied.  

Regulation of tyrosine nitration could be a potential intervention of early stage light-
induced ocular diseases. We postulate, on the basis of our data, that modifications of PP2A 
and vimentin influence the cytoskeletal network through interplay with other cytoskeletal 
proteins, including tubulin and actin. A positive correlation between the levels of PP2A and 
vimentin under light-induced stress suggests that cytoskeletal dynamics is regulated by 
dephosphorylation of vimentin as a PP2A substrate.  

To examine PP2A and cytoskeletal proteins under oxidative stress, we examined light-
induced cytoskeletal changes using ARPE-19 cells. ARPE-19 contains retinal G-protein 
receptors (RGR) and peropsin as light detecting chromophores. The assembly of the major 
cytoskeleton proteins, including vimentin, tubulin and actin, are highly interdependent. 
Thus, we investigated -tubulin and the interplay of vimentin dynamics with microtubules 
under light. Tubulin is a highly concentrated building block (10–20 µM) of microtubules. -
tubulin is aggregated as shown by particles (white arrow) under intense light (Figure 5). b-
tubulin is colocalized with mitochondria in dark, but changed localization under light 
condition. Confluent ARPE-19 cells were treated with either dark or 7000 lux white light for 
2 hr. Mitochondria was stained by 100 nM MitoTracker Orange. β-tubulin was visualized by 
Alexa 488 secondary antibody and the nucleus was stained by DAPI. To follow vimentin-
tubulin interaction changes in light, we analyzed tubulin polymerization rates and 
vimentin-tubulin colocalization. -tubulin is a major component of the microtubule and also 
an essential component of the cytoskeleton. They play a critical role in cell division and cell 
motility. Our results demonstrated that actin filament also aggregated in cytosol under 
intense light condition in RPE. In the dark, -actin is localized in cytosol, but in light -actin 
is aggregated outside of mitochondria. Light-induced modification of cytoskeletal proteins 
may imply a potential regulatory mechanism in apoptosis. Direct interaction between 
vimentin and actin has been observed [Esue et al., 2006]. The tail domain of vimentin 
intermediate filaments interacts directly with actin, which may regulate cytoskeletal 
crosstalk. Morphologic change and cytoskeletal reorganization of RPE cells were observed 
under oxidative stress in vitro.  

9. The visual cycle 

The steady-state of retinoid concentration and photosensitivity are controlled by the 
biosynthetic pathway leading to 11-cis-retinal regeneration, which is called the visual cycle. 
For continued vision, 11-cis-retinoid must be regenerated by a series of enzymes, including 
retinol dehydrogenases (RDHs), lecithin retinol acyltransferase (LRAT), and RPE65 [Saari 
2000; Rando 2001; Jahng et al 2002; Jahng et al., 2003a; Jahng 2003b; Bok et al., 2003; Xue et 
al., 2004; Xue et al., 2006] (Figure 1). 
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were identified as PP2A and vimentin by mass spectrometry. We examined cytoskeletal 
proteins as potential substrates of PP2A. Cytoskeletal filament proteins were upregulated 
under constant light condition in vivo. Neurofilament, intermediate filament vimentin, 
tubulin, and actin increased in different levels under constant light exposure. The 
cytoskeletal target proteins were further analyzed by mass spectrometry to determine their 
modifications. Site-specific nitration and phosphorylations were found in PP2A and 
filament proteins.  
 

Protein Site Modification 
PP2Aa Y169 nitration 

Actin b cytoplasmic 1 T186 phosphorylation 
Tubulin b 2B Y50, Y51, T55 phosphorylation 
Tubulin b 5 Y159 nitration 
Tubulin b 5 S168, S172 phosphorylation 
Vimentin Y38, S325 ,S412, S420 phosphorylation 

Table 3. Modifications of PP2A and filament proteins under constant light in vivo 

Vimentin is a major component of intermediate filament that spread throughout the cell and 
serve as signal transducer conveying mechanical and molecular information from cell 
surface to nucleus and intracellular compartments. Neuronal cytoskeleton is a potential 
therapeutic target in neurodegenerative diseases. Vimentin phosphorylations were further 
analyzed by 2D electrophoresis with narrow range of pI for higher resolution. Vimentin 
phosphorylation decreased under constant light in vivo. Modifications of vimentin are 
essential reactions of filament dynamics. Changes of vimentin phosphorylation are directed 
to reorganization of the intermediate filament network and altered function of Müller cells.  

Hyperphosphorylation of vimentin can disassemble intermediate filament into soluble 
monomeric form. Müller cells are the major glial cells in the retina and play crucial roles in 
maintaining neuroretinal architecture and support neuronal survival. Our results suggest that 
vimentin and Müller cells might be critically involved in the process of light-induced damage 
in the retina. By reducing the light-induced post-translational modification of vimentin, PP2A 
may assist to maintain the proper filament network in Müller cells, which subsequently 
supports neuronal survival and architecture in the retina. To test changes of PP2A and 
cytoskeletal proteins in RPE in vitro, we examined ARPE-19 cells under stress condition. When 
RPE cells were under oxidative stress (100-250 M H2O2), a catalytic subunit PP2Ac was 
initially upregulated, then decreased in time and dose dependent manner.  

A decrease in cytoskeletal protein turnover leads to the accumulation of large aggregates of 
actin and tubulin, which triggers an increase in the levels of reactive oxygen species (ROS). 
Dynamic and differential changes in the cytoskeleton occur in apoptotic cellular processes. 
Thus, we ask how phosphorylation of vimentin regulates cytoskeletal dynamics and cell 
survival under stress conditions in RPE. We hypothesize that the modifications of PP2A and 
vimentin influence the cytoskeletal network through interplay with other cytoskeletal proteins. 
A stabilized vimentin may act as an antiapoptotic agent when cells are under stress.  
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Methylation and phosphorylation of PP2A catalytic c subunit are evolutionary conserved 
mechanisms that critically control the PP2A holoenzyme assembly and substrate specificity. 
However, interplay of PP2A nitration and phosphorylation that may control subunit 
binding has never been studied.  

Regulation of tyrosine nitration could be a potential intervention of early stage light-
induced ocular diseases. We postulate, on the basis of our data, that modifications of PP2A 
and vimentin influence the cytoskeletal network through interplay with other cytoskeletal 
proteins, including tubulin and actin. A positive correlation between the levels of PP2A and 
vimentin under light-induced stress suggests that cytoskeletal dynamics is regulated by 
dephosphorylation of vimentin as a PP2A substrate.  

To examine PP2A and cytoskeletal proteins under oxidative stress, we examined light-
induced cytoskeletal changes using ARPE-19 cells. ARPE-19 contains retinal G-protein 
receptors (RGR) and peropsin as light detecting chromophores. The assembly of the major 
cytoskeleton proteins, including vimentin, tubulin and actin, are highly interdependent. 
Thus, we investigated -tubulin and the interplay of vimentin dynamics with microtubules 
under light. Tubulin is a highly concentrated building block (10–20 µM) of microtubules. -
tubulin is aggregated as shown by particles (white arrow) under intense light (Figure 5). b-
tubulin is colocalized with mitochondria in dark, but changed localization under light 
condition. Confluent ARPE-19 cells were treated with either dark or 7000 lux white light for 
2 hr. Mitochondria was stained by 100 nM MitoTracker Orange. β-tubulin was visualized by 
Alexa 488 secondary antibody and the nucleus was stained by DAPI. To follow vimentin-
tubulin interaction changes in light, we analyzed tubulin polymerization rates and 
vimentin-tubulin colocalization. -tubulin is a major component of the microtubule and also 
an essential component of the cytoskeleton. They play a critical role in cell division and cell 
motility. Our results demonstrated that actin filament also aggregated in cytosol under 
intense light condition in RPE. In the dark, -actin is localized in cytosol, but in light -actin 
is aggregated outside of mitochondria. Light-induced modification of cytoskeletal proteins 
may imply a potential regulatory mechanism in apoptosis. Direct interaction between 
vimentin and actin has been observed [Esue et al., 2006]. The tail domain of vimentin 
intermediate filaments interacts directly with actin, which may regulate cytoskeletal 
crosstalk. Morphologic change and cytoskeletal reorganization of RPE cells were observed 
under oxidative stress in vitro.  

9. The visual cycle 

The steady-state of retinoid concentration and photosensitivity are controlled by the 
biosynthetic pathway leading to 11-cis-retinal regeneration, which is called the visual cycle. 
For continued vision, 11-cis-retinoid must be regenerated by a series of enzymes, including 
retinol dehydrogenases (RDHs), lecithin retinol acyltransferase (LRAT), and RPE65 [Saari 
2000; Rando 2001; Jahng et al 2002; Jahng et al., 2003a; Jahng 2003b; Bok et al., 2003; Xue et 
al., 2004; Xue et al., 2006] (Figure 1). 
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Figure 1. Biochemical reactions in the visual cycle and two palmitoylation transfer steps.  

RPE is susceptible to oxidative stress due to its high oxygen consumption, the generation of 
reactive oxygen species (ROS), the presence of a high percentage of unsaturated fatty acids, 
and exposure to light [Bok, 1993; Strauss, 2005]. RPE65, a peripheral membrane protein of 
RPE cells, is thought to be an all-trans-retinyl ester isomerohydrolase [Moiseyev et al, 2005; 
Jin et al, 2005; Redmond et al, 2005]. In conjunction with other proteins, it isomerizes all-
trans-retinyl ester and hydrolyzes it into 11-cis-retinol, the immediate precursor to 11-cis-
retinal Schiff base chromophore which is enzymatically regenerated in the RPE. RPE65 was 
originally identified as the putative RPE membrane receptor for the plasma retinol-binding 
protein, and later shown to be a retinoid binding protein with high affinity toward all-trans-
retinyl palmitate [Hooks et al, 1989; Bavik et al, 1991; Bavik et al, 1992; Bavik et al, 1993; 
Hamel et al, 1993a; Hamel et al, 1993b; Tsilou et al, 1997; Ma et al., 2001; Jahng et al., 2003a; 
Gollapalli et al, 2003; Mata et al, 2004; Xue et al, 2004]. It is homologous to beta-carotene 
monooxygenase [Kloer et al., 2005]. 

RPE contains anti-apoptotic and neuroprotective factors to support retina survival and 
maintenance. With aging, an imbalance occurs between ROS production and the capacity 
for detoxification resulting in the accumulation of ROS and the diminution of mitochondrial 
respiratory function. These ROS may contribute to the development of eye diseases such as 
cataract [Spector, 1995], uveitis [Satici et al, 2003; Bosch-Morell et al, 2002], glaucoma 
[Osborne et al, 1999; Babizhayev et al, 1989], retinopathy of prematurity [Dani et al, 2004; 
Head 1999], AMD [Beatty et al, 2000; Spraul 1996], and diabetic retinopathy [Kowluru et al, 
1994]. Thus, understanding the mechanism of elevated ROS during aerobic metabolism and 
the resulting oxidative stress is important to the treatment of eye diseases. Under sub-lethal 
conditions of oxidative stress, mitochondrial respiratory function is impaired by electron 
leakage [Yakes and Van Houten, 1997; Melov et al, 1999] leading to decreased ATP 
production. Moreover, elevated ROS induce mutations in mitochondrial DNA, oxidative 
damage to cellular macromolecules forming cross-linked aggregates, and accumulation of 
damaged proteins [Grune et al, 1997].  
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Several mutations in the RPE65 gene have been shown to be associated with retinal 
degenerations, including autosomal recessive childhood-onset severe retinal dystrophy, 
Leber’s congenital amaurosis (LCA), and retinitis pigmentosa [Gu et al., 1997; Chen et al., 
2006; Cottet et al., 2006; Hamel et al., 2001; Travis et al., 2007; Felius et al., 2002]. The RPE65 
L450M mutant is associated with the reduced concentration of A2E lipofuscin [Kim et al., 
2004]. RPE65 is essential for 11-cis-retinol biosynthesis in vivo and in vitro [Redmond et al., 
1998; Nicolaeva et al., 2009]. Studies using RPE65 knockout mice demonstrate the 
importance of RPE65 in 11-cis-retinal biosynthesis in vivo [Redmond et al, 1998]. The 
synthesis of 11-cis-retinal is eliminated in these mice, while all-trans-retinyl esters 
accumulate as oil droplets in RPE cells. The control elements that regulate the overall 
biosynthetic pathway to 11-cis-retinal under light and oxidative stress are not known. 
Furthermore, connection between the visual cycle and resulting redox imbalance is in 
question.  

In 1989, Rando proposed that RPE membranes might be the energy source for isomerization 
of all-trans-retinyl ester to 11-cis-retinol [Deigner et al., 1989]. In his hypothesis, the free 
energy of hydrolysis of the retinyl ester is coupled to the endothermic trans to cis 
isomerization. However, there are series of questions inlcuding; 1) C11 position is not 
nucleophilic and palmitate is not a good leaving group; 2) isomerization of the conjugated 
double bond of the retinoid cannot be explained in this mechanism. In 1999, Palczewsky 
proposed a carbocation intermediate mechanism [Stecher et al., 1999]. They suggested that 
the regeneration of 11-cis retinal might occur through a retinyl carbocation based on the 
observation of inhibition by positively charged retinoid as transition state analog. Both 
hypotheses do not explain the 11-cis-specific isomerization reaction of conjugated double 
bonds. Rather, singlet oxygen may bind to iron (Fe2+) in the active site of RPE65 and catalyze 
C11 specific isomerization through oxygen radical-mediated epoxide intermediate as shown 
in Figure 2.  

 
Figure 2. Putative Retinoid Isomerization Mechanism 

Recently, we found that levels of RPE65 and RPE45, as a truncated form of RPE65, increased 
after short-term exposure to intense or constant light in the human RPE cultures [Chung et 
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Figure 1. Biochemical reactions in the visual cycle and two palmitoylation transfer steps.  

RPE is susceptible to oxidative stress due to its high oxygen consumption, the generation of 
reactive oxygen species (ROS), the presence of a high percentage of unsaturated fatty acids, 
and exposure to light [Bok, 1993; Strauss, 2005]. RPE65, a peripheral membrane protein of 
RPE cells, is thought to be an all-trans-retinyl ester isomerohydrolase [Moiseyev et al, 2005; 
Jin et al, 2005; Redmond et al, 2005]. In conjunction with other proteins, it isomerizes all-
trans-retinyl ester and hydrolyzes it into 11-cis-retinol, the immediate precursor to 11-cis-
retinal Schiff base chromophore which is enzymatically regenerated in the RPE. RPE65 was 
originally identified as the putative RPE membrane receptor for the plasma retinol-binding 
protein, and later shown to be a retinoid binding protein with high affinity toward all-trans-
retinyl palmitate [Hooks et al, 1989; Bavik et al, 1991; Bavik et al, 1992; Bavik et al, 1993; 
Hamel et al, 1993a; Hamel et al, 1993b; Tsilou et al, 1997; Ma et al., 2001; Jahng et al., 2003a; 
Gollapalli et al, 2003; Mata et al, 2004; Xue et al, 2004]. It is homologous to beta-carotene 
monooxygenase [Kloer et al., 2005]. 

RPE contains anti-apoptotic and neuroprotective factors to support retina survival and 
maintenance. With aging, an imbalance occurs between ROS production and the capacity 
for detoxification resulting in the accumulation of ROS and the diminution of mitochondrial 
respiratory function. These ROS may contribute to the development of eye diseases such as 
cataract [Spector, 1995], uveitis [Satici et al, 2003; Bosch-Morell et al, 2002], glaucoma 
[Osborne et al, 1999; Babizhayev et al, 1989], retinopathy of prematurity [Dani et al, 2004; 
Head 1999], AMD [Beatty et al, 2000; Spraul 1996], and diabetic retinopathy [Kowluru et al, 
1994]. Thus, understanding the mechanism of elevated ROS during aerobic metabolism and 
the resulting oxidative stress is important to the treatment of eye diseases. Under sub-lethal 
conditions of oxidative stress, mitochondrial respiratory function is impaired by electron 
leakage [Yakes and Van Houten, 1997; Melov et al, 1999] leading to decreased ATP 
production. Moreover, elevated ROS induce mutations in mitochondrial DNA, oxidative 
damage to cellular macromolecules forming cross-linked aggregates, and accumulation of 
damaged proteins [Grune et al, 1997].  
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Several mutations in the RPE65 gene have been shown to be associated with retinal 
degenerations, including autosomal recessive childhood-onset severe retinal dystrophy, 
Leber’s congenital amaurosis (LCA), and retinitis pigmentosa [Gu et al., 1997; Chen et al., 
2006; Cottet et al., 2006; Hamel et al., 2001; Travis et al., 2007; Felius et al., 2002]. The RPE65 
L450M mutant is associated with the reduced concentration of A2E lipofuscin [Kim et al., 
2004]. RPE65 is essential for 11-cis-retinol biosynthesis in vivo and in vitro [Redmond et al., 
1998; Nicolaeva et al., 2009]. Studies using RPE65 knockout mice demonstrate the 
importance of RPE65 in 11-cis-retinal biosynthesis in vivo [Redmond et al, 1998]. The 
synthesis of 11-cis-retinal is eliminated in these mice, while all-trans-retinyl esters 
accumulate as oil droplets in RPE cells. The control elements that regulate the overall 
biosynthetic pathway to 11-cis-retinal under light and oxidative stress are not known. 
Furthermore, connection between the visual cycle and resulting redox imbalance is in 
question.  

In 1989, Rando proposed that RPE membranes might be the energy source for isomerization 
of all-trans-retinyl ester to 11-cis-retinol [Deigner et al., 1989]. In his hypothesis, the free 
energy of hydrolysis of the retinyl ester is coupled to the endothermic trans to cis 
isomerization. However, there are series of questions inlcuding; 1) C11 position is not 
nucleophilic and palmitate is not a good leaving group; 2) isomerization of the conjugated 
double bond of the retinoid cannot be explained in this mechanism. In 1999, Palczewsky 
proposed a carbocation intermediate mechanism [Stecher et al., 1999]. They suggested that 
the regeneration of 11-cis retinal might occur through a retinyl carbocation based on the 
observation of inhibition by positively charged retinoid as transition state analog. Both 
hypotheses do not explain the 11-cis-specific isomerization reaction of conjugated double 
bonds. Rather, singlet oxygen may bind to iron (Fe2+) in the active site of RPE65 and catalyze 
C11 specific isomerization through oxygen radical-mediated epoxide intermediate as shown 
in Figure 2.  

 
Figure 2. Putative Retinoid Isomerization Mechanism 

Recently, we found that levels of RPE65 and RPE45, as a truncated form of RPE65, increased 
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al., 2009; Lee et al., 2010a]. Also, the level of RPE45 is present in cells exposed to high 
oxidative stress in vitro and in vivo [Lee et al., 2010a]. We further suggest that the RPE45 
fragment may be generated via ubiquitination involving interaction of specific proteases 
with RPE65. We also identified that retinaldehyde binding protein (CRALBP1) in the Müller 
cell showed a reversal of expression under constant light after melatonin treatment 
compared to constant light only condition (light vs. light+melatonin) [Zhang et al., 2010). 
Light-induced CRALBP1 may accelerate the retinal damage through higher rate of the 
visual cycle.  

Interestingly, C57BL/6 mice have a gene polymorphism (M450) associated with lower level 
of RPE65 expression and reduced light-damage sensitivity. We observed a higher threshold 
for RPE45 appearance when RPE cells were exposed to light and oxidative stress 
simultaneously compared to cells under oxidative stress alone, suggesting that the 
protective mechanism may exist to maintain RPE65 concentration under light-induced 
oxidative stress.  

We examined the appearance of RPE45 and RPE20 fragments in vitro with different amounts 
of H2O2 (100, 300, 500 and 1000 µM) in order to mimic different levels of oxidative stress on 
bovine RPE cells. As expected, RPE45 and RPE20 were produced in a dose-dependent 
manner after H2O2 treatment.  

To address the functional significance of RPE45, we tested the ability of the RPE45 fragment 
to bind biotinylated all-trans-retinyl chloroacetate (BRCA), an all-trans retinyl ester analog 
used to investigate the retinoid-binding roles of RPE proteins. In this experiment, RPE 
proteins from bovine RPE cells were incubated with BRCA 50 M/100 mg RPE proteins and 
separated by SDS-PAGE. BRCA-labeled proteins were visualized using an avidin-
peroxidase antibody and an anti-RPE65 peptide antibody. BRCA-labeled RPE65, RPE45 and 
LRAT were confirmed by electrospray tandem mass spectrometry and Western-blot 
analyses, demonstrating that RPE45 binds this all-trans-retinyl ester analog.     

A defect in RPE65 can trigger a remodeling of the retina that may disrupt photoreceptor 
homeostasis and induce apoptosis cascades leading to retinal degeneration [Shang and Taylor, 
2004]. Light influences the translocation of transducin, arrestin, and recoverin; tyrosinase-
mediated light adaptation, and the synthesis of retinoic acid and melatonin. Our studies 
indicate that oxidative stress and light exposure can influence the visual cycle. The dose-
dependent induction of RPE45, a fragment of RPE65 generated in response to H2O2 or light 
exposure by a specific caspase-mediated cleavage suggests that RPE45 is a potential signaling 
molecule of oxidative stress- and light-induced apoptosis [Chung et al., 2009; Lee et al., 2010a]. 
Proteolysis after stress is an important signal transduction pathway mediated by caspases, 
presenilin, and amyloid precursor protein, which can lead to neurodegenerative disorder or 
inflammation [Martinon and Tschopp 2004; Shi 2004; Haass and Strooper 1999]. We also 
observed up-regulation of NF-kB and amyloid beta in the RPE under oxidative stress. RPE65 is 
known as highly uveitogenic and antigenic protein implying involvement in pathogenic 
autoimmune diseases in the eye [Ham et al, 2002]. Changes in RPE65 expression are also seen 
in vivo during cycles of light and dark and may be mediated by light cues.  
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In nature, all biochemical reactions are dependent on the coupling of the free energy 
changes of phosphate- (ATP), thio- (CoA), and oxy- (membrane lipids) esters. For all-trans-
retinyl ester isomerization/hydrolysis biochemical reactions catalyzed by RPE65, palmitoyl 
transfer reaction should be coupled with retinyl ester isomerization and retinyl ester 
hydrolysis energetically and chemically. 

We suggest that RPE45 may result from degradation of RPE65 by ROS-induced proteases 
[Budihardjo et al., 1999; Santoro et al., 1998]. It is likely that RPE cells have a defense 
mechanism against oxidative stress and we therefore investigated the expression of anti-
apoptotic factors in oxidative stress. We found that anti-apoptotic Bcl-xL was increased 
under intense light [Chung et al., 2009]. The positive correlation between the expression of 
these anti-apoptotic factors and RPE65 under oxidative stress suggests that RPE65 may have 
a positive role in apoptotic signaling. Proteolysis after stress is an important signal 
transduction mediated by caspases, presenilin, and amyloid precursor protein, which can 
lead to neurological disorder or inflammation in the retina and brain [Martinon and 
Tschopp 2004, Shi 2004, Haass and Strooper 1999]. RPE65 is known as highly uveitogenic 
protein implying involvement in pathogenic autoimmune disease in the eye [Ham et al. 
2002]. Under oxidative stress, aged cells increase the number of mitochondria and induce 
anti-oxidant genes [Sitte et al, 2000; Lee et al, 2000]. Retinoid map in the retina and the RPE 
is shown in Figure 3. Potential target sites to regulate retinoid and A2E are shown in red 
bars.  

 
Figure 3. Retinoid Map in the Retina and RPE cells 

NH
K296-Opsin

NH
K296-Opsin

hv

H

O

H2O

all- trans-ret nol dehydrogenase NADPH

OH

Lecithin retinol acyltransferase
Lecit hin

O

O

OH GST/ RPE65

OH

11-ci s-retinol dehydrogenase
NADP+

Opsin -H2O

CRALBP

mRPE65

sRPE65

cROL

cRP

LRAT

LRAT
tRP

Palmitoylation Switch

H2N
OR N ORH

[1,5] H shif t

N
ORH

H

O

N
OR

N OR
N

OR

aut ooxidation

aza-6-electrocyclization

A2E

IRBP

RPE45
caspases

Oxidative stress

GST

GST
9-cis and 13-cis Rol

palmitic acid

Lysolecithin

Transducin

GDP GTP

Phosphodiesterase Guanylyl cyclase

cG MP GMP + H+

GTP

cation channel

Rhodopsinkinase

Rhodopsin phosphatase
Arrestin

Brain

Opsin

DNA damage

hv

DNA repair

Apopt osis

SOD2

PEDF

AMD

Drusen

Cholesterol, fatty acid

Akt

dehydrogenases
OH

O

RAR, RXR

Inhibition Target



 
Ocular Diseases 144 

al., 2009; Lee et al., 2010a]. Also, the level of RPE45 is present in cells exposed to high 
oxidative stress in vitro and in vivo [Lee et al., 2010a]. We further suggest that the RPE45 
fragment may be generated via ubiquitination involving interaction of specific proteases 
with RPE65. We also identified that retinaldehyde binding protein (CRALBP1) in the Müller 
cell showed a reversal of expression under constant light after melatonin treatment 
compared to constant light only condition (light vs. light+melatonin) [Zhang et al., 2010). 
Light-induced CRALBP1 may accelerate the retinal damage through higher rate of the 
visual cycle.  

Interestingly, C57BL/6 mice have a gene polymorphism (M450) associated with lower level 
of RPE65 expression and reduced light-damage sensitivity. We observed a higher threshold 
for RPE45 appearance when RPE cells were exposed to light and oxidative stress 
simultaneously compared to cells under oxidative stress alone, suggesting that the 
protective mechanism may exist to maintain RPE65 concentration under light-induced 
oxidative stress.  

We examined the appearance of RPE45 and RPE20 fragments in vitro with different amounts 
of H2O2 (100, 300, 500 and 1000 µM) in order to mimic different levels of oxidative stress on 
bovine RPE cells. As expected, RPE45 and RPE20 were produced in a dose-dependent 
manner after H2O2 treatment.  

To address the functional significance of RPE45, we tested the ability of the RPE45 fragment 
to bind biotinylated all-trans-retinyl chloroacetate (BRCA), an all-trans retinyl ester analog 
used to investigate the retinoid-binding roles of RPE proteins. In this experiment, RPE 
proteins from bovine RPE cells were incubated with BRCA 50 M/100 mg RPE proteins and 
separated by SDS-PAGE. BRCA-labeled proteins were visualized using an avidin-
peroxidase antibody and an anti-RPE65 peptide antibody. BRCA-labeled RPE65, RPE45 and 
LRAT were confirmed by electrospray tandem mass spectrometry and Western-blot 
analyses, demonstrating that RPE45 binds this all-trans-retinyl ester analog.     

A defect in RPE65 can trigger a remodeling of the retina that may disrupt photoreceptor 
homeostasis and induce apoptosis cascades leading to retinal degeneration [Shang and Taylor, 
2004]. Light influences the translocation of transducin, arrestin, and recoverin; tyrosinase-
mediated light adaptation, and the synthesis of retinoic acid and melatonin. Our studies 
indicate that oxidative stress and light exposure can influence the visual cycle. The dose-
dependent induction of RPE45, a fragment of RPE65 generated in response to H2O2 or light 
exposure by a specific caspase-mediated cleavage suggests that RPE45 is a potential signaling 
molecule of oxidative stress- and light-induced apoptosis [Chung et al., 2009; Lee et al., 2010a]. 
Proteolysis after stress is an important signal transduction pathway mediated by caspases, 
presenilin, and amyloid precursor protein, which can lead to neurodegenerative disorder or 
inflammation [Martinon and Tschopp 2004; Shi 2004; Haass and Strooper 1999]. We also 
observed up-regulation of NF-kB and amyloid beta in the RPE under oxidative stress. RPE65 is 
known as highly uveitogenic and antigenic protein implying involvement in pathogenic 
autoimmune diseases in the eye [Ham et al, 2002]. Changes in RPE65 expression are also seen 
in vivo during cycles of light and dark and may be mediated by light cues.  
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In nature, all biochemical reactions are dependent on the coupling of the free energy 
changes of phosphate- (ATP), thio- (CoA), and oxy- (membrane lipids) esters. For all-trans-
retinyl ester isomerization/hydrolysis biochemical reactions catalyzed by RPE65, palmitoyl 
transfer reaction should be coupled with retinyl ester isomerization and retinyl ester 
hydrolysis energetically and chemically. 

We suggest that RPE45 may result from degradation of RPE65 by ROS-induced proteases 
[Budihardjo et al., 1999; Santoro et al., 1998]. It is likely that RPE cells have a defense 
mechanism against oxidative stress and we therefore investigated the expression of anti-
apoptotic factors in oxidative stress. We found that anti-apoptotic Bcl-xL was increased 
under intense light [Chung et al., 2009]. The positive correlation between the expression of 
these anti-apoptotic factors and RPE65 under oxidative stress suggests that RPE65 may have 
a positive role in apoptotic signaling. Proteolysis after stress is an important signal 
transduction mediated by caspases, presenilin, and amyloid precursor protein, which can 
lead to neurological disorder or inflammation in the retina and brain [Martinon and 
Tschopp 2004, Shi 2004, Haass and Strooper 1999]. RPE65 is known as highly uveitogenic 
protein implying involvement in pathogenic autoimmune disease in the eye [Ham et al. 
2002]. Under oxidative stress, aged cells increase the number of mitochondria and induce 
anti-oxidant genes [Sitte et al, 2000; Lee et al, 2000]. Retinoid map in the retina and the RPE 
is shown in Figure 3. Potential target sites to regulate retinoid and A2E are shown in red 
bars.  
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10. Conclusion 

While the end point of apoptosis is well established, there is still a large gap between 
knowledge of early biochemical events and the end stage of age-related macular 
degeneration (AMD). Proteome changes under oxidative stress have been studied in regard 
to the pathogenesis of AMD [Yang et al 2006]. Understanding the molecular mechanism of 
proteomic signaling will provide a novel insight into apoptotic processes in AMD. It is 
expected that the knowledge will be equally applicable for understanding the lipid-
mediated cell death mechanism.  

Light-induced retinal degeneration in animal model occurs only when the visual cycle is 
functional. Regeneration of 11-cis-retinal as a chromophore of rhodopsin is depending on 
biochemical reactions of retinoid processing enzymes, including lecithin retinol 
acyltransferase and RPE65 [Xue et al., 2004; Xue et al., 2006; Jahng et al., 2003a; Jahng et al., 
2003b; Jahng et al., 2002; Bok et al., 2003]. Activity and expressions of these enzymes might 
be controlled by circadian regulators or daily light onset [Xue et al., 2004; Chung et al., 2009; 
Lee et al., 2010a]. A study of RPE65 knockout mice exhibited that light damage only occurs 
when the retina is supplied with 11-cis retinal [Wenzel et al., 2005]. Additional evidence in 
RPE65 L450M mice showing slow rhodopsin regeneration, halothane anesthesia as 
inhibition method of 11-cis-retinal regeneration, and 13-cis-retinoic acid as a putative RPE65 
inhibitor imply that continuous regeneration of 11-cis-retinal is one of the key steps to 
induce retina degeneration [Wenzel et al., 2005]. Our goal is to explicate the role of light and 
time under oxidative stress in the control of neuroprotective protein expressions in the 
retina and the RPE [Zimmermann et al., 2006]. Our questions include whether antiapoptotic 
factors, that include prohibitin, nitric oxide, vimentin, PP2A, and erythropoietin can protect 
retina and RPE cells against oxidative- or light-induced apoptotic neurodegeneration at 
specific time points.  

Our proteomic approaches to understand RPE cell death under stress conditions 
demonstrate that: 1) crystallins are upregulated and hyperphosphorylated. 2) 
neuroprotective erythropoietin and subsequent JAK2 phosphorylations are tightly linked to 
a specific time after oxidative stress and in anticipation of daily light onset. 3) early signaling 
molecules, including mitochondrial prohibitin, changes their expression, subcellular 
localization, phosphorylation, and lipid interaction under oxidative stress. 4) relative lipid 
compositions, including phosphatidylcholine and cholesterol, are altered under oxidative 
stress. 5) oxidative stress leads to cytoskeletal reorganization through site-specific vimentin 
phosphorylations that regulate intermediate filaments, resulting in nonfilamentous particles.  

AMD is characterized in its early stages by the presence of extracellular deposits, known as 
drusen, that accumulates between the basal surface of the RPE and Bruch’s membrane. 
During the past decade, compelling evidence has emerged implicating the immune system 
and the complement system in particular in drusen biogenesis and AMD. A number of the 
proteins detected in drusen are either complement components or related molecules. 
Despite these significant advances, the identity of the molecules responsible for triggering 
activation of the complement cascade, as well as the downstream molecular interactions that 
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promote AMD pathology, remain elusive. Our proteomics studies will provide new insight 
into the underlying mechanisms involved in the development and progression of AMD and 
further elucidate the relationship between various risk facotors, including oxidative stress 
and complemnt activation. Such information are critical for the development of more 
effective therapeutic strategies for the treatment of retinal degeneration that includes AMD. 
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1. Introduction 

The central dogma of biology describes the transfer of biological information from DNA 
through to protein (1). In the first phase, known as transcription, DNA is converted into a 
complementary sequence of messenger RNA (mRNA). This mRNA allows the genetic 
message to be communicated outside of the cell nucleus, to other areas of the cell, where it is 
then translated into protein by ribosomes. Post-transcriptional regulatory events take place 
after an RNA molecule is formed; thereafter the resulting RNA molecule is decoded to 
produce a specific protein. Protein production depends on the length of survival of RNA in 
a cell and the efficiency of its utilizations. 

Since Paterson et al. first demonstrated the utility of nucleic acids in modulating gene 
expression over 30 years ago (2), and in 1978 Zamecnik and Stephenson showed the capacity 
of antisense molecules to inhibit viral replication (3, 4), nucleic acids have emerged as a 
potent force both as R&D tools and as therapeutic agents. 

Indeed, the field of nucleic acid therapeutics has evolved considerably with numerous gene 
targets and methods having been applied in vitro and in vivo in a variety of contexts with 
varying degrees of success. Strategies have included ribozymes, DNA enzymes 
(DNAzymes), antisense oligonucleotides (ASON), decoys, aptamers and siRNAs, all of 
which attenuate gene expression by interfering with cytosolic mRNA or translated protein. 
Currently, a number of these approaches are being evaluated in human and animal trials 
and are poised to offer considerable inroads and additions to our current therapies. 

Ribozymes are catalytically active RNA molecules capable of site-specific cleavage of target 
mRNA and can occur naturally (5). They must contain antisense sequences that will bind to 
the target, and also a sequence that will fold into a structure with ribonuclease activity. Such 
sequences are found in natural hammerhead or hairpin ribozymes. Consequently, 
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and are poised to offer considerable inroads and additions to our current therapies. 
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ribozymes don’t depend on cellular nucleases for activity (6). The possibility of designing 
ribozymes to cleave any specific target RNA has rendered them valuable tools in both basic 
research and therapeutic applications. 

DNAzymes, like ribozymes, may be perceived as gene-specific molecular scissors. They 
appeared as a development in the study of ribozymes using analogous 
deoxyoligonucleotides, given that catalytic DNA has not been observed in nature (7). All 
existing molecules have been derived by in vitro selection processes similar to those used to 
identify aptamers (see below). The most well-characterized DNAzyme is the “10-23” 
subtype comprising a cation-dependent catalytic core of 15 desoxyribonucleotides that binds 
to and cleaves its target RNA. This core is flanked by complementary binding arms of 6 to 
12 nucleotides in length that confer target mRNA Specificity (8). 

ASONs are single-stranded segments of DNA or RNA generally 15 to 25 nucleotides in 
length designed to mirror specific mRNA sequences and block protein production. 
Although their precise mechanism of action is not fully understood, their function is 
mediated by interaction with target mRNA via hydrogen bonding, blocking translation 
into protein by steric hindrance of ribosomal movement or by activation of endogenous 
RNase H for targeted destruction of the DNA/RNA heteroduplex, resulting in mRNA 
degradation (9). Unmodified ASONs molecules are prone to degradation, and their 
negative charge makes cellular membrane penetration inefficient. As such, these molecules 
have evolved with a variety of modifications that enhance stability and efficacy. Around 50 
clinical studies have used antisense strategies spanning a variety of disease processes, 
including cancer, cardiovascular disease, inflammation and infection (10). Fomivirsen or 
Vitravene®, which targets the immediate-early RNA encoded by human cytomegalovirus 
(CMV) DNA, has been approved by the FDA for use in humans for treatment of CMV 
retinitis (11). 

In contrast to antisense approaches that target mRNA, oligonucleotide decoys are short, 
double-stranded DNA molecules that contain binding elements for a variety of protein 
targets that competitively inhibit promoter binding and gene expression. Although several 
types of decoys have been developed there are important issues to take into account affecting 
the potential clinical use of these molecules, including susceptibility to nuclease degradation, 
propensity to induce a host immunological response, and cell transfection difficulties with 
higher concentration requirements (12). Currently, decoy oligonucleotides are not pursued as 
aggressively as other forms of therapeutic oligonucleotides (13). 

Aptamers are single-stranded oligonucleotides which may fold into complex secondary and 
tertiary structures and bind their target protein with high affinity and specificity, inhibiting 
its function. They are derived by in vitro selection from a combinatorial library of nucleic 
acid sequences (14). Recent developments demonstrate that aptamers are valuable tools for 
diagnostics, purification processes, target validation, drug discovery and therapeutics. 
Macugen® is an aptamer approved by the FDA for treatment of wet AMD (15). 

RNA interference (RNAi) is one of the gene silencing strategies which has received most 
attention in recent times. Its initial discovery in 1998 by Nobel laureates Fire and Mello (16) 
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in Caenorhabditis elegans, led to the subsequent finding of the mechanism in mammalian cells 
and the understanding that it was triggered by small double stranded RNA duplexes of 19-
23 nucleotides in length (17). In the following decade siRNA (short interfering RNA) have 
become widely used tools for silencing gene expression, as they make use of a naturally 
occurring regulatory mechanism that uses these molecules to direct homology-dependent 
mRNA degradation via a multienzymatic complex termed RISC (RNA-induced silencing 
complex). Cells use their own small RNA duplexes as a form of gene regulation. These novel 
molecules have enormous therapeutic potential and at present there are close to 20 
compounds which have reached clinical trials (18). 

2. Ocular diseases addressable by nucleic acid–based drugs 

2.1. Glaucoma 

Glaucoma is the second leading cause of blindness globally (19). By year 2020 almost 80 
million people are estimated to be affected by primary open-angle glaucoma (POAG), the 
most common type of glaucoma. Glaucoma is defined as the process of ocular tissue 
destruction caused by a sustained elevation of intra ocular pressure (IOP) above its normal 
physiological limits (20). In open angle glaucoma (OAG), elevated IOP causes a progressive 
optic neuropathy due to loss of retinal ganglion cells that ultimately leads to blindness (21). 
In angle-closure glaucoma the sudden high rise in IOP often renders the eye blind. 
Blindness in glaucoma is caused by a degenerative process of the retina and optic nerve, but 
is functionally associated with impairments in the balance between aqueous humor (AH) 
secretion and outflow. Mechanistically, the changes observed in the trabecular meshwork 
include loss of cells as well the deposition and accumulation of extracellular debris 
including protein plaque-like material (22). The loss of vision is not usually evident until 
significant nerve damage has occurred. For this reason, up to half of glaucoma sufferers are 
unaware of their condition. Because of this, early diagnosis and treatment is crucial in 
halting the progression of this pathological condition (23). Risk factors associated with 
glaucoma include high intraocular pressure, advanced age, family history of glaucoma, 
African ancestry myopia, hypertension, morphologic features of the optic disc, thinness of 
the cornea, eye trauma, concomitant use of drugs, diabetes mellitus, hypothyroidism, 
cardiovascular and haematological abnormalities (24-28). Treatment of glaucoma is mainly 
focused on lowering IOP. The first line of treatment is medication, followed by surgical and 
laser treatment. Pharmacological compounds for treating glaucoma fall into four main 
classes of drugs: parasympathomimetics, antagonists of α and β-adrenoreceptors, inhibitors 
of carbonic anhydrases and prostaglandin analogues. Clinicians prescribe medications in a 
stepwise manner to achieve the target goal of IOP and maintain a balance between 
medication effectiveness, tolerability and safety. Beta blockers and prostaglandins are the 
standard first line treatment for POAG (29). Both groups of drugs are very efficient in 
lowering IOP but beta blockers are not recommended in patients with cardiovascular and 
respiratory problems and prostaglandin-analogs have local tolerability issues (30, 31). 
Second-line drugs of choice include alpha-2-adrenergic agonists and carbonic anhydrase 
inhibitors. When IOP is not adequately regulated with monotherapy it is common to 
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ribozymes don’t depend on cellular nucleases for activity (6). The possibility of designing 
ribozymes to cleave any specific target RNA has rendered them valuable tools in both basic 
research and therapeutic applications. 

DNAzymes, like ribozymes, may be perceived as gene-specific molecular scissors. They 
appeared as a development in the study of ribozymes using analogous 
deoxyoligonucleotides, given that catalytic DNA has not been observed in nature (7). All 
existing molecules have been derived by in vitro selection processes similar to those used to 
identify aptamers (see below). The most well-characterized DNAzyme is the “10-23” 
subtype comprising a cation-dependent catalytic core of 15 desoxyribonucleotides that binds 
to and cleaves its target RNA. This core is flanked by complementary binding arms of 6 to 
12 nucleotides in length that confer target mRNA Specificity (8). 

ASONs are single-stranded segments of DNA or RNA generally 15 to 25 nucleotides in 
length designed to mirror specific mRNA sequences and block protein production. 
Although their precise mechanism of action is not fully understood, their function is 
mediated by interaction with target mRNA via hydrogen bonding, blocking translation 
into protein by steric hindrance of ribosomal movement or by activation of endogenous 
RNase H for targeted destruction of the DNA/RNA heteroduplex, resulting in mRNA 
degradation (9). Unmodified ASONs molecules are prone to degradation, and their 
negative charge makes cellular membrane penetration inefficient. As such, these molecules 
have evolved with a variety of modifications that enhance stability and efficacy. Around 50 
clinical studies have used antisense strategies spanning a variety of disease processes, 
including cancer, cardiovascular disease, inflammation and infection (10). Fomivirsen or 
Vitravene®, which targets the immediate-early RNA encoded by human cytomegalovirus 
(CMV) DNA, has been approved by the FDA for use in humans for treatment of CMV 
retinitis (11). 

In contrast to antisense approaches that target mRNA, oligonucleotide decoys are short, 
double-stranded DNA molecules that contain binding elements for a variety of protein 
targets that competitively inhibit promoter binding and gene expression. Although several 
types of decoys have been developed there are important issues to take into account affecting 
the potential clinical use of these molecules, including susceptibility to nuclease degradation, 
propensity to induce a host immunological response, and cell transfection difficulties with 
higher concentration requirements (12). Currently, decoy oligonucleotides are not pursued as 
aggressively as other forms of therapeutic oligonucleotides (13). 

Aptamers are single-stranded oligonucleotides which may fold into complex secondary and 
tertiary structures and bind their target protein with high affinity and specificity, inhibiting 
its function. They are derived by in vitro selection from a combinatorial library of nucleic 
acid sequences (14). Recent developments demonstrate that aptamers are valuable tools for 
diagnostics, purification processes, target validation, drug discovery and therapeutics. 
Macugen® is an aptamer approved by the FDA for treatment of wet AMD (15). 

RNA interference (RNAi) is one of the gene silencing strategies which has received most 
attention in recent times. Its initial discovery in 1998 by Nobel laureates Fire and Mello (16) 
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in Caenorhabditis elegans, led to the subsequent finding of the mechanism in mammalian cells 
and the understanding that it was triggered by small double stranded RNA duplexes of 19-
23 nucleotides in length (17). In the following decade siRNA (short interfering RNA) have 
become widely used tools for silencing gene expression, as they make use of a naturally 
occurring regulatory mechanism that uses these molecules to direct homology-dependent 
mRNA degradation via a multienzymatic complex termed RISC (RNA-induced silencing 
complex). Cells use their own small RNA duplexes as a form of gene regulation. These novel 
molecules have enormous therapeutic potential and at present there are close to 20 
compounds which have reached clinical trials (18). 

2. Ocular diseases addressable by nucleic acid–based drugs 

2.1. Glaucoma 

Glaucoma is the second leading cause of blindness globally (19). By year 2020 almost 80 
million people are estimated to be affected by primary open-angle glaucoma (POAG), the 
most common type of glaucoma. Glaucoma is defined as the process of ocular tissue 
destruction caused by a sustained elevation of intra ocular pressure (IOP) above its normal 
physiological limits (20). In open angle glaucoma (OAG), elevated IOP causes a progressive 
optic neuropathy due to loss of retinal ganglion cells that ultimately leads to blindness (21). 
In angle-closure glaucoma the sudden high rise in IOP often renders the eye blind. 
Blindness in glaucoma is caused by a degenerative process of the retina and optic nerve, but 
is functionally associated with impairments in the balance between aqueous humor (AH) 
secretion and outflow. Mechanistically, the changes observed in the trabecular meshwork 
include loss of cells as well the deposition and accumulation of extracellular debris 
including protein plaque-like material (22). The loss of vision is not usually evident until 
significant nerve damage has occurred. For this reason, up to half of glaucoma sufferers are 
unaware of their condition. Because of this, early diagnosis and treatment is crucial in 
halting the progression of this pathological condition (23). Risk factors associated with 
glaucoma include high intraocular pressure, advanced age, family history of glaucoma, 
African ancestry myopia, hypertension, morphologic features of the optic disc, thinness of 
the cornea, eye trauma, concomitant use of drugs, diabetes mellitus, hypothyroidism, 
cardiovascular and haematological abnormalities (24-28). Treatment of glaucoma is mainly 
focused on lowering IOP. The first line of treatment is medication, followed by surgical and 
laser treatment. Pharmacological compounds for treating glaucoma fall into four main 
classes of drugs: parasympathomimetics, antagonists of α and β-adrenoreceptors, inhibitors 
of carbonic anhydrases and prostaglandin analogues. Clinicians prescribe medications in a 
stepwise manner to achieve the target goal of IOP and maintain a balance between 
medication effectiveness, tolerability and safety. Beta blockers and prostaglandins are the 
standard first line treatment for POAG (29). Both groups of drugs are very efficient in 
lowering IOP but beta blockers are not recommended in patients with cardiovascular and 
respiratory problems and prostaglandin-analogs have local tolerability issues (30, 31). 
Second-line drugs of choice include alpha-2-adrenergic agonists and carbonic anhydrase 
inhibitors. When IOP is not adequately regulated with monotherapy it is common to 
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combine different antiglaucoma drugs, these combinations appear to have the advantage of 
greater efficacy, better cost and safety, but limit the individualization of dosing. The efficacy 
of current IOP-lowering therapies is relatively short lived, requiring repetitive dosing 
throughout the day and in some cases the efficacy decreases with time. Such negative effects 
may lead to decreased patient compliance or to the end of treatment. If no efficacy in 
reducing IOP is achieved with any of these drugs, laser therapy may be applied to the 
trabecular meshwork in order to increase AH outflow. The last therapeutic resource is 
surgical intervention to create a new route for AH outflow (32).  

Novel nucleic-based therapies seek improving the limitations of current antiglaucoma 
treatment. These are the goals pursued by Sylentis’ SYL040012, an siRNA-based drug for the 
treatment of glaucoma, currently in phase II clinical trial. SYL040012 is a chemically 
synthesized double-stranded oligonucleotide, specifically designed to target and inhibit 
synthesis of 2-adrenergic receptors. The compound has proven efficacious in inhibiting the 
expression of its target in cell cultures and in lowering IOP in normotensive and 
hypertensive rabbits (Martínez et al, unpublished results). The efficacy of SYL040012 in 
reducing IOP is similar to that of commercially available drugs (34). On the other hand, 
when commercial drugs are used, sustained reduction of IOP relies on the continuous 
application of the drugs. This is not the case with SYL040012, whose effect in animal models 
not only lasts 15 times longer than the effect of current treatments, but is also able to 
maintain the reduction in IOP levels even when the compound is not administered for a 
period of up to 72 hours. This feature is very attractive since it would protect against the 
eventual optic damage caused by a reboot effect on IOP in case of poor compliance with the 
treatment. Moreover, SYL040012 is stable up to 24 h in rabbit aqueous humour, but stability 
rapidly decreases in rabbit serum. The stability properties of SYL040012 support the use of a 
siRNA-based therapeutic approach for glaucoma since the compound should be stable 
enough to exert its effect in the eye but should be rapidly degraded when reaching general 
circulation, hence anticipating low systemic side effects.  

Using a completely different approach, Quark pharmaceuticals is developing QPI-1007, a 
synthetic chemically modified siRNA designed to temporarily inhibit the expression of the 
pro-apoptotic protein Caspase 2. QPI-1007 is currently undergoing clinical trials for optic 
nerve atrophy and non-arteritic ischemic optic neuropathy, but the company has expressed 
interest in developing adequate delivery systems for the potential use of this drug as a 
neuroprotectant for glaucoma (35).  

2.2. Age-Related Macular Degeneration (AMD) 

Age-related macular degeneration (AMD) is the leading cause of severe vision loss in the 
Western world, it occurs primarily among individuals over 50 years of age (36). AMD was a 
rare disorder in the 19th century but increase in life expectancy together with changes in 
life-style have enormously affected the prevalence of this disease (37). According to the 
2005-2008 National Health and Nutrition Examination Survey 6.5% of the US population 
over 40 years of age had signs of AMD (38). Extensive epidemiologic and genetic studies 
indicate that development of AMD is the result of a combination of several aspects such as 
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genetic predisposition and environmental factors. Tobacco smoking seems to be the most 
consistent and modifiable risk factor (39). Other risk factors include hypertension, 
cardiovascular disease and high body mass index (40). Among the genetic factors that confer 
susceptibility to developing AMD are variants in several genes encoding complement 
pathway proteins (41).   

The underlying cause for AMD seems to be accumulation of residual material produced by 
the renewal process of the external part of the photoreceptors of the retina in the retinal 
pigment epithelium (RPE). The accumulation of this undegraded material, known as drusen 
in the RPE leads to production of inflammatory mediators that cause photoreceptor 
degeneration in the central retina, or macula (42). The center of the macula, named fovea, 
mediates high acuity vision; hence its degeneration causes severe vision loss. In the early 
stages of the disease the accumulations of drusen are small and often observed along with 
hypo- or hyperpigmentation of the RPE. As the disease progresses both the size and the 
amount of drusen increase. Advanced AMD is characterized by the presence of large or 
several medium size drusen and loss of central vision and can take two forms: dry or wet. 
The dry form is characterized by a sharply delineated area of RPE atrophy along with loss of 
photoreceptors and changes in pigmentation of the RPE. In the wet form, or choroidal 
neovascularisation (CNV), fragile blood vessels of the choriocapillaris grow into the RPE 
and frequently leak blood and fluid that accumulate between RPE and the choriocapillaris. 
As a result of these abnormal growths, dense scars are formed in the macula.  Detachment of 
the RPE is also a frequent feature of this form of AMD. The wet form is more severe than the 
dry form and sometimes dry AMD can develop into wet AMD. 

Great advances have been made in recent years in the treatment of wet AMD; on the other 
hand treatment options for dry AMD are currently limited to dietary supplements and life-
style changes. Several pharmaceutical companies are developing compounds for dry AMD 
by targeting different aspects of the physiopathological progress of the disease. As 
mentioned above, inflammatory mediators are generated during the process leading to dry 
AMD, for this reason it has been suggested that antioxidants may play a role in minimizing 
progression of the disease. The Age-Related Eye Disease Study (AREDS) demonstrated that 
oral supplementation of antioxidants in patients with unilateral intermediate or advanced 
AMD reduced vision loss by 19%. In addition these patients showed a decrease of 25% in 
the chances of developing AMD in the other eye (43, 44).  

Other therapeutic approaches for dry AMD currently in clinical development are aimed 
towards reducing the accumulation of toxic metabolites, diminishing activation of the 
complement system or avoiding loss of neurons in the retina using neuroprotectants.  

As of March 2012 there were approximately 10 clinical studies for pharmaceuticals under 
development to treat dry AMD registered at www.clinicaltrials.gov with status “recruiting” 
or “active”. Among these clinical trials, only one is using an oligonucleotide based approach 
to treat dry AMD. ARC1905 is a pegylated aptamer that is currently in phase I study 
sponsored by Ophtotech Corporation. This compound antagonizes the cleavage of 
complement component C5 into C5a and C5b, thus inhibiting complement activation. 
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combine different antiglaucoma drugs, these combinations appear to have the advantage of 
greater efficacy, better cost and safety, but limit the individualization of dosing. The efficacy 
of current IOP-lowering therapies is relatively short lived, requiring repetitive dosing 
throughout the day and in some cases the efficacy decreases with time. Such negative effects 
may lead to decreased patient compliance or to the end of treatment. If no efficacy in 
reducing IOP is achieved with any of these drugs, laser therapy may be applied to the 
trabecular meshwork in order to increase AH outflow. The last therapeutic resource is 
surgical intervention to create a new route for AH outflow (32).  

Novel nucleic-based therapies seek improving the limitations of current antiglaucoma 
treatment. These are the goals pursued by Sylentis’ SYL040012, an siRNA-based drug for the 
treatment of glaucoma, currently in phase II clinical trial. SYL040012 is a chemically 
synthesized double-stranded oligonucleotide, specifically designed to target and inhibit 
synthesis of 2-adrenergic receptors. The compound has proven efficacious in inhibiting the 
expression of its target in cell cultures and in lowering IOP in normotensive and 
hypertensive rabbits (Martínez et al, unpublished results). The efficacy of SYL040012 in 
reducing IOP is similar to that of commercially available drugs (34). On the other hand, 
when commercial drugs are used, sustained reduction of IOP relies on the continuous 
application of the drugs. This is not the case with SYL040012, whose effect in animal models 
not only lasts 15 times longer than the effect of current treatments, but is also able to 
maintain the reduction in IOP levels even when the compound is not administered for a 
period of up to 72 hours. This feature is very attractive since it would protect against the 
eventual optic damage caused by a reboot effect on IOP in case of poor compliance with the 
treatment. Moreover, SYL040012 is stable up to 24 h in rabbit aqueous humour, but stability 
rapidly decreases in rabbit serum. The stability properties of SYL040012 support the use of a 
siRNA-based therapeutic approach for glaucoma since the compound should be stable 
enough to exert its effect in the eye but should be rapidly degraded when reaching general 
circulation, hence anticipating low systemic side effects.  

Using a completely different approach, Quark pharmaceuticals is developing QPI-1007, a 
synthetic chemically modified siRNA designed to temporarily inhibit the expression of the 
pro-apoptotic protein Caspase 2. QPI-1007 is currently undergoing clinical trials for optic 
nerve atrophy and non-arteritic ischemic optic neuropathy, but the company has expressed 
interest in developing adequate delivery systems for the potential use of this drug as a 
neuroprotectant for glaucoma (35).  

2.2. Age-Related Macular Degeneration (AMD) 

Age-related macular degeneration (AMD) is the leading cause of severe vision loss in the 
Western world, it occurs primarily among individuals over 50 years of age (36). AMD was a 
rare disorder in the 19th century but increase in life expectancy together with changes in 
life-style have enormously affected the prevalence of this disease (37). According to the 
2005-2008 National Health and Nutrition Examination Survey 6.5% of the US population 
over 40 years of age had signs of AMD (38). Extensive epidemiologic and genetic studies 
indicate that development of AMD is the result of a combination of several aspects such as 
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genetic predisposition and environmental factors. Tobacco smoking seems to be the most 
consistent and modifiable risk factor (39). Other risk factors include hypertension, 
cardiovascular disease and high body mass index (40). Among the genetic factors that confer 
susceptibility to developing AMD are variants in several genes encoding complement 
pathway proteins (41).   

The underlying cause for AMD seems to be accumulation of residual material produced by 
the renewal process of the external part of the photoreceptors of the retina in the retinal 
pigment epithelium (RPE). The accumulation of this undegraded material, known as drusen 
in the RPE leads to production of inflammatory mediators that cause photoreceptor 
degeneration in the central retina, or macula (42). The center of the macula, named fovea, 
mediates high acuity vision; hence its degeneration causes severe vision loss. In the early 
stages of the disease the accumulations of drusen are small and often observed along with 
hypo- or hyperpigmentation of the RPE. As the disease progresses both the size and the 
amount of drusen increase. Advanced AMD is characterized by the presence of large or 
several medium size drusen and loss of central vision and can take two forms: dry or wet. 
The dry form is characterized by a sharply delineated area of RPE atrophy along with loss of 
photoreceptors and changes in pigmentation of the RPE. In the wet form, or choroidal 
neovascularisation (CNV), fragile blood vessels of the choriocapillaris grow into the RPE 
and frequently leak blood and fluid that accumulate between RPE and the choriocapillaris. 
As a result of these abnormal growths, dense scars are formed in the macula.  Detachment of 
the RPE is also a frequent feature of this form of AMD. The wet form is more severe than the 
dry form and sometimes dry AMD can develop into wet AMD. 

Great advances have been made in recent years in the treatment of wet AMD; on the other 
hand treatment options for dry AMD are currently limited to dietary supplements and life-
style changes. Several pharmaceutical companies are developing compounds for dry AMD 
by targeting different aspects of the physiopathological progress of the disease. As 
mentioned above, inflammatory mediators are generated during the process leading to dry 
AMD, for this reason it has been suggested that antioxidants may play a role in minimizing 
progression of the disease. The Age-Related Eye Disease Study (AREDS) demonstrated that 
oral supplementation of antioxidants in patients with unilateral intermediate or advanced 
AMD reduced vision loss by 19%. In addition these patients showed a decrease of 25% in 
the chances of developing AMD in the other eye (43, 44).  

Other therapeutic approaches for dry AMD currently in clinical development are aimed 
towards reducing the accumulation of toxic metabolites, diminishing activation of the 
complement system or avoiding loss of neurons in the retina using neuroprotectants.  

As of March 2012 there were approximately 10 clinical studies for pharmaceuticals under 
development to treat dry AMD registered at www.clinicaltrials.gov with status “recruiting” 
or “active”. Among these clinical trials, only one is using an oligonucleotide based approach 
to treat dry AMD. ARC1905 is a pegylated aptamer that is currently in phase I study 
sponsored by Ophtotech Corporation. This compound antagonizes the cleavage of 
complement component C5 into C5a and C5b, thus inhibiting complement activation. 
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ARC1905 has shown to be safe when administered by intravitreal injection in combination 
with ranibizumab for wet AMD (45).  

Perhaps one of the facts preventing more oligonucleotide based therapies being developed 
for dry AMD is that doublestrand RNAs as short as 21 base pair are able to bind and 
activate Toll Like Receptor 3; and activation of this receptor has been associated with 
progress of dry AMD (46, 47).  

Wet AMD is characterized by the invasion of leaky blood vessels into the RPE. This 
mechanism is mediated by the action of vascular endothelial growth factor (VEGF). The 
biological activity of this growth factor has been the target of several therapeutic strategies 
in the past few years and the pharmaceuticals developed under these programs are the 
current first line treatment for wet AMD.  

Pegaptanib sodium (Macugen) is a 28-base pegylated aptamer designed to target VEGF 
(48) by Gilead Pharmaceuticals, licensed to Eyetech Pharmaceuticals/OSI. This drug was 
approved by the FDA in December 2004 for the treatment of all subtypes of wet AMD by 
intravitreal injection every six weeks. Pegaptanib specifically binds to VEGF165, the most 
pathogenic of the four isoforms of VEGF that are generated by alternative splicing of a 
common mRNA. The union of pegaptanib to VEGF prevents activation of either of the two 
receptors for VEGF (VEGFR-1 and VEGFR-2) present on the surface of epithelial cells; hence 
inhibiting its biological activity. The VEGF Inhibition Study in Ocular Neovascularizations 
trial demonstrated that pegaptanib sodium injection reduced the risk of moderate vision 
loss from 70% to 55% and of severe vision loss from 22% to 10% without serious systemic 
effects and a low rate of serious ocular adverse events (49).   

In July 2006 the second drug based on anti-VEGF therapy was approved by the FDA. 
Ranibizumab (Lucentis) is a recombinant, humanised, monoclonal anti-VEGF antibody 
fragment with high affinity for all isoforms of VEGF developed by Genentech that is 
administered by intravitreal injection. Two clinical trials (MARINA and ANCHOR) support 
the safety and efficacy of ranibizumab for wet AMD (50, 51).  The results of these trials 
showed that almost 95% of patients receiving the drug avoided moderate visual loss versus 
the 62.2% that managed to do so in the control group (receiving veteporfin). In addition, 
ranibizumab was not only able to stall progression of wet AMD but even to improve visual 
acuity in 35.7% of the patients treated with the low dose and in 40.3% of the patients treated 
with the high dose.   

The third anti-VEGF compound currently used in the clinic for treatment of wet AMD is 
bevacizumab (Avastin). Bevacizumab is a full-length monoclonal antibody that binds to 
and inhibits all isoforms of VEGF also developed by Genentech. Bevacizumab is in fact the 
full length antibody that was modified to develop ranibizumab. Ranibizumab was 
developed because preliminary results indicated that the size of the full length antibody 
would not allow for appropriate distribution within the retina. Additionally, the longer half 
life of bevacizumab raised concerns in terms of systemic toxicity. Bevacizumab is currently 
approved for the treatment of metastatic colorectal cancer and several other malignancies, 
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and it is used off-label for wet AMD (52). The reduced cost of bevacizumab compared to 
ranibizumab has extended the off-label use of this drug, for this reason several clinical trials 
have started in the last four years in order to gather evidence on the efficacy of bevacizumab 
in wet AMD (53, 54).  

In addition to pegaptanib, several other attempts have been made to treat wet AMD with 
oligonucleotides. Bevasiranib was the first small interfering RNA agent developed for this 
condition. Developed by OPKO Health, this agent is a naked 21-nt siRNA designed to target 
VEGF administered by intravitreal injection (55). The results of clinical trials conducted for 
phases I and II were positive and OPKO Health initiated a phase III clinical trial to examine 
the safety and efficacy of the combination of bevasiranib with ranibizumab. In March 2009 
OPKO terminated the phase III trial because the primary endpoint was not likely to be met: 
improved efficacy over ranibizumab.  

Following the same VEGF-inhibition strategy Sirna Therapeutics (now Merck) developed 
Sirna-027; a modified siRNA that targets one of the receptors for VEGF, VEGFR-1 (56). In 
vivo studies demonstrated that Sirna-027 was able to reduce the mRNA and protein levels 
of VEGFR-1 and to reduce the areas of neovascularation in a mouse model of ischemic 
retinopathy. An inverted sequence with the same chemical modifications as Sirna-027 was 
used as control and was shown not to have an effect on any of the parameters analysed (56). 
The control used in this study demonstrated that the effect of Sirna-027 was sequence 
specific; this was relevant due to the controversy generated by the results of a study 
published in 2008 that stated that angiogenesis could be suppressed by 21-nt siRNAs in a 
sequence-independent manner via TLR3 (57). Further clinical development of Sirna-027 was 
sponsored by Merck in collaboration with Allergan but, again, clinical trials for this 
compound were halted because the primary endpoint of efficacy trials was not met.   

Using a different strategy Quark developed PF-655, now developed in collaboration with Pfizer, 
a 19-nt 2’O-methyl-stabilized siRNA designed against RTP801, a newly discovered target that is 
rapidly and sharply upregulated in hypoxia and promotes apoptosis of neural cells (58, 59). In 
addition to its anti-apoptotic effect, this compound cooperates with VEGF inhibitors to reduce 
retinal neovascularisation. Although full results of the clinical trial have not yet been made 
public, in March 2011 Quark announced that their compound was not superior to ranibizumab, 
thus expectations for the phase IIb initiated by Quark alone are somewhat low.  

With two of the candidates already halted and a third most likely to be so, the fate of 
siRNAs in AMD is at least uncertain. Reports supporting that siRNAs 21 nt or longer 
activate TLR3 have certainly had a say in the matter. Activation of TLR3 in the RPE seems to 
induce RPE cell death and contribute to development of dry AMD (47), therefore tackling 
any form of AMD with double stranded RNA has to be achieved with shorter compounds 
and target specificity should be thoroughly studied.  

2.3. Diabetic retinopathy 

Diabetic retinopathy (DR) is a microvascular complication secondary to diabetes mellitus 
that leads to structural and functional changes in the retina, this complication is the leading 
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ARC1905 has shown to be safe when administered by intravitreal injection in combination 
with ranibizumab for wet AMD (45).  

Perhaps one of the facts preventing more oligonucleotide based therapies being developed 
for dry AMD is that doublestrand RNAs as short as 21 base pair are able to bind and 
activate Toll Like Receptor 3; and activation of this receptor has been associated with 
progress of dry AMD (46, 47).  

Wet AMD is characterized by the invasion of leaky blood vessels into the RPE. This 
mechanism is mediated by the action of vascular endothelial growth factor (VEGF). The 
biological activity of this growth factor has been the target of several therapeutic strategies 
in the past few years and the pharmaceuticals developed under these programs are the 
current first line treatment for wet AMD.  

Pegaptanib sodium (Macugen) is a 28-base pegylated aptamer designed to target VEGF 
(48) by Gilead Pharmaceuticals, licensed to Eyetech Pharmaceuticals/OSI. This drug was 
approved by the FDA in December 2004 for the treatment of all subtypes of wet AMD by 
intravitreal injection every six weeks. Pegaptanib specifically binds to VEGF165, the most 
pathogenic of the four isoforms of VEGF that are generated by alternative splicing of a 
common mRNA. The union of pegaptanib to VEGF prevents activation of either of the two 
receptors for VEGF (VEGFR-1 and VEGFR-2) present on the surface of epithelial cells; hence 
inhibiting its biological activity. The VEGF Inhibition Study in Ocular Neovascularizations 
trial demonstrated that pegaptanib sodium injection reduced the risk of moderate vision 
loss from 70% to 55% and of severe vision loss from 22% to 10% without serious systemic 
effects and a low rate of serious ocular adverse events (49).   

In July 2006 the second drug based on anti-VEGF therapy was approved by the FDA. 
Ranibizumab (Lucentis) is a recombinant, humanised, monoclonal anti-VEGF antibody 
fragment with high affinity for all isoforms of VEGF developed by Genentech that is 
administered by intravitreal injection. Two clinical trials (MARINA and ANCHOR) support 
the safety and efficacy of ranibizumab for wet AMD (50, 51).  The results of these trials 
showed that almost 95% of patients receiving the drug avoided moderate visual loss versus 
the 62.2% that managed to do so in the control group (receiving veteporfin). In addition, 
ranibizumab was not only able to stall progression of wet AMD but even to improve visual 
acuity in 35.7% of the patients treated with the low dose and in 40.3% of the patients treated 
with the high dose.   

The third anti-VEGF compound currently used in the clinic for treatment of wet AMD is 
bevacizumab (Avastin). Bevacizumab is a full-length monoclonal antibody that binds to 
and inhibits all isoforms of VEGF also developed by Genentech. Bevacizumab is in fact the 
full length antibody that was modified to develop ranibizumab. Ranibizumab was 
developed because preliminary results indicated that the size of the full length antibody 
would not allow for appropriate distribution within the retina. Additionally, the longer half 
life of bevacizumab raised concerns in terms of systemic toxicity. Bevacizumab is currently 
approved for the treatment of metastatic colorectal cancer and several other malignancies, 
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and it is used off-label for wet AMD (52). The reduced cost of bevacizumab compared to 
ranibizumab has extended the off-label use of this drug, for this reason several clinical trials 
have started in the last four years in order to gather evidence on the efficacy of bevacizumab 
in wet AMD (53, 54).  

In addition to pegaptanib, several other attempts have been made to treat wet AMD with 
oligonucleotides. Bevasiranib was the first small interfering RNA agent developed for this 
condition. Developed by OPKO Health, this agent is a naked 21-nt siRNA designed to target 
VEGF administered by intravitreal injection (55). The results of clinical trials conducted for 
phases I and II were positive and OPKO Health initiated a phase III clinical trial to examine 
the safety and efficacy of the combination of bevasiranib with ranibizumab. In March 2009 
OPKO terminated the phase III trial because the primary endpoint was not likely to be met: 
improved efficacy over ranibizumab.  

Following the same VEGF-inhibition strategy Sirna Therapeutics (now Merck) developed 
Sirna-027; a modified siRNA that targets one of the receptors for VEGF, VEGFR-1 (56). In 
vivo studies demonstrated that Sirna-027 was able to reduce the mRNA and protein levels 
of VEGFR-1 and to reduce the areas of neovascularation in a mouse model of ischemic 
retinopathy. An inverted sequence with the same chemical modifications as Sirna-027 was 
used as control and was shown not to have an effect on any of the parameters analysed (56). 
The control used in this study demonstrated that the effect of Sirna-027 was sequence 
specific; this was relevant due to the controversy generated by the results of a study 
published in 2008 that stated that angiogenesis could be suppressed by 21-nt siRNAs in a 
sequence-independent manner via TLR3 (57). Further clinical development of Sirna-027 was 
sponsored by Merck in collaboration with Allergan but, again, clinical trials for this 
compound were halted because the primary endpoint of efficacy trials was not met.   

Using a different strategy Quark developed PF-655, now developed in collaboration with Pfizer, 
a 19-nt 2’O-methyl-stabilized siRNA designed against RTP801, a newly discovered target that is 
rapidly and sharply upregulated in hypoxia and promotes apoptosis of neural cells (58, 59). In 
addition to its anti-apoptotic effect, this compound cooperates with VEGF inhibitors to reduce 
retinal neovascularisation. Although full results of the clinical trial have not yet been made 
public, in March 2011 Quark announced that their compound was not superior to ranibizumab, 
thus expectations for the phase IIb initiated by Quark alone are somewhat low.  

With two of the candidates already halted and a third most likely to be so, the fate of 
siRNAs in AMD is at least uncertain. Reports supporting that siRNAs 21 nt or longer 
activate TLR3 have certainly had a say in the matter. Activation of TLR3 in the RPE seems to 
induce RPE cell death and contribute to development of dry AMD (47), therefore tackling 
any form of AMD with double stranded RNA has to be achieved with shorter compounds 
and target specificity should be thoroughly studied.  

2.3. Diabetic retinopathy 

Diabetic retinopathy (DR) is a microvascular complication secondary to diabetes mellitus 
that leads to structural and functional changes in the retina, this complication is the leading 
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cause of visual loss in working-age individuals (60). The overall prevalence of this 
complication among individuals with diabetes is 34.6% (61) and it accounted for 2.4 million 
cases of blindness worldwide in 2002 (60). Hyperglycemia is a decisive factor in the 
development of DR because of its damaging effects per se; it also serves as a biomarker for 
control on the disregulation of metabolism that occurs in diabetes.   

In the initial phases of DR the vessels that irrigate the retina show microaneurysms and 
small leakages, this initial step of the disease is frequently referred to as nonproliferative 
DR. The changes observed in this phase are result of thickening of the capillary basement 
membrane as well as apoptosis and migration of pericytes. As the disease progresses the 
capillaries become permeable due to loss of interaction between endothelial cells and 
pericytes, and eventually macular edema can develop due to accumulation of fluids in the 
macula. The progressive occlusion of capillaries in the retina leads to tissue ischemia. As a 
result of the hypoxia caused by ischemia angiogenic factors such as VEGF are upregulated 
and capillaries grow into the retina, this stage is also known as proliferative DR (62). The 
new veins formed in response to the changes seen in the diabetic retina are fragile and 
permeable and some of them can break through the optic nerve leaking into the vitreous 
cavity or into the preretinal space. The process of neovascularisation is also associated with 
accumulation of a fibrous component that when contracted can lead to retinal detachment 
severely impairing vision (63).  

Currently, the gold-standard for treating DR is laser photocoagulation (64); this procedure 
seeks to mitigate damage but has no effect on the underlying causes of the disease. In 
addition, steroids can be intravitreally administered into the eye to reduce accumulation of 
fluids within the retina. Sometimes, the accumulation of blood in the vitreous humour can 
physically impede laser photocoagulation; in these cases a vitrectomy can be performed in 
order to remove the blood accumulated in the vitreous prior to laser photocoagulation.  

As mentioned previously, the action of angiogenic factors plays an important role in the 
development of DR. In this sense, several VEGF-inhibitors currently used for the treatment 
of AMD, are being studied for DR (see section 2.2 for details). Most of them are in late 
clinical trials and are expected to reach market authorization shortly.  

In the oligonucleotide-based field, some of the compounds initially developed for AMD 
have undergone clinical trials for different forms of diabetic retinopathy as well. Opko 
Health’s bevasiranib is one of these cases. A phase II clinical trial for diabetic macular edema 
was completed in 2008, and although positive results were reported, further development 
has not been announced. iCo Therapeutics is using a different approach with their lead 
compound iCo-007. iCo-007 is a chemically modified ASON inhibiting c-raf; a downstream 
mediator of several growth factors, including VEGF. In 2011 a phase II clinical trial was 
started for diabetic retinopathy in which two different doses of iCo-007 are to be assayed, 
either as a monotherapy or in combination with ranibizumab or laser photocoagulation. 
Preliminary results of this trial are expected in the second half of 2012. Another antisense 
alternative is being developed by Antisense Therapeutics, in this case a novel antisense 
compound ATL1103 which targets growth hormone receptor and has successfully 
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completed a phase I clinical trial. This compound is being developed for treatment of 
acromegaly and also diabetic retinopathy (65). 

2.4. Dry eye pain  

Dry eye disease (DED) or keratoconjunctivitis sicca (KCS) is a multifactorial ocular condition 
resulting from tear film instability that can eventually lead to ocular surface damage. 
Typical symptoms of DED include ocular discomfort, visual disturbance, itching, burning, 
sensation of foreign body, light sensitivity; inflammation and pain. Factors contributing to 
DED are insufficient tear secretion; excessive evaporation and alteration in the composition 
of the tear film. The tear film has three essential components: aqueous layer, secreted by the 
lachrymal glands; mucus layer, produced by the globet cells of the conjunctiva and by 
epithelial cells of the cornea and conjunctiva and finally a lipid layer, secreted by the 
meibomian glands. Changes in the tear film can be temporary causing an acute form of DED 
or long-lasting leading to chronic DED; damage to the ocular surface is usually more severe 
in the chronic forms than in the acute ones. DED is frequent in some conditions such as 
Sjögren’s disease, or lachrymal gland dysfunction, but it can also be caused by vitamin 
deficiency, contact lens wear and use of several prescription drugs. As such, it is not 
surprising that DED is a very frequent condition; the prevalence varies tremendously 
depending on the study, and the condition is more frequent in patients with autoimmune 
diseases, postmenopausal women and elderly population (66).  

Treatment of DED depends on the etiology of the condition. The first line treatment is 
usually use of lubricants such as artificial tears and avoidance of preservatives such as BAK 
if other eye treatments are required. Other treatment options include procedures that favour 
tear retention: punctal occlusion, moisture chamber spectacles and contact lenses; 
pharmacologic agents that stimulate tear secretion or anti-inflammatory therapy. 

Although some advances have been made towards alleviating some of the symptoms of 
DED, pain associated to this condition is not usually addressed. Sylentis is currently 
developing an siRNA, SYL1001, for the treatment of pain associated to DED. The compound 
targets TRPV1, a very well known target for pain, which is highly expressed in the cornea 
and trigeminal ganglion. SYL1001 is applied in eye drops, contains no preservatives and has 
recently shown favourable local and systemic tolerance results in a phase IA study. 

2.5. Corneal neovascularitation associated with corneal graft rejection 

Optimal vision is contingent upon transparency of the cornea. Corneal neovascularization, 
trauma and surgical procedures such as photorefractive keratectomy and graft rejection 
after penetrating keratoplasty (PKP) can lead to corneal opacification (67). Corneal 
neovascularization, regardless of the underlying cause, leads to decreased vision, recurrent 
corneal erosion, and incompetent barrier function thus presenting a serious clinical problem 
for which treatment is poor (68). When transparency of the native cornea cannot be 
maintained at a functional level corneal transplantation is often the next intervention. Once 
transplanted, the major cause of corneal graft failure is allograft rejection. Despite this fact, 
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clinical trials and are expected to reach market authorization shortly.  
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Health’s bevasiranib is one of these cases. A phase II clinical trial for diabetic macular edema 
was completed in 2008, and although positive results were reported, further development 
has not been announced. iCo Therapeutics is using a different approach with their lead 
compound iCo-007. iCo-007 is a chemically modified ASON inhibiting c-raf; a downstream 
mediator of several growth factors, including VEGF. In 2011 a phase II clinical trial was 
started for diabetic retinopathy in which two different doses of iCo-007 are to be assayed, 
either as a monotherapy or in combination with ranibizumab or laser photocoagulation. 
Preliminary results of this trial are expected in the second half of 2012. Another antisense 
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completed a phase I clinical trial. This compound is being developed for treatment of 
acromegaly and also diabetic retinopathy (65). 

2.4. Dry eye pain  

Dry eye disease (DED) or keratoconjunctivitis sicca (KCS) is a multifactorial ocular condition 
resulting from tear film instability that can eventually lead to ocular surface damage. 
Typical symptoms of DED include ocular discomfort, visual disturbance, itching, burning, 
sensation of foreign body, light sensitivity; inflammation and pain. Factors contributing to 
DED are insufficient tear secretion; excessive evaporation and alteration in the composition 
of the tear film. The tear film has three essential components: aqueous layer, secreted by the 
lachrymal glands; mucus layer, produced by the globet cells of the conjunctiva and by 
epithelial cells of the cornea and conjunctiva and finally a lipid layer, secreted by the 
meibomian glands. Changes in the tear film can be temporary causing an acute form of DED 
or long-lasting leading to chronic DED; damage to the ocular surface is usually more severe 
in the chronic forms than in the acute ones. DED is frequent in some conditions such as 
Sjögren’s disease, or lachrymal gland dysfunction, but it can also be caused by vitamin 
deficiency, contact lens wear and use of several prescription drugs. As such, it is not 
surprising that DED is a very frequent condition; the prevalence varies tremendously 
depending on the study, and the condition is more frequent in patients with autoimmune 
diseases, postmenopausal women and elderly population (66).  

Treatment of DED depends on the etiology of the condition. The first line treatment is 
usually use of lubricants such as artificial tears and avoidance of preservatives such as BAK 
if other eye treatments are required. Other treatment options include procedures that favour 
tear retention: punctal occlusion, moisture chamber spectacles and contact lenses; 
pharmacologic agents that stimulate tear secretion or anti-inflammatory therapy. 

Although some advances have been made towards alleviating some of the symptoms of 
DED, pain associated to this condition is not usually addressed. Sylentis is currently 
developing an siRNA, SYL1001, for the treatment of pain associated to DED. The compound 
targets TRPV1, a very well known target for pain, which is highly expressed in the cornea 
and trigeminal ganglion. SYL1001 is applied in eye drops, contains no preservatives and has 
recently shown favourable local and systemic tolerance results in a phase IA study. 

2.5. Corneal neovascularitation associated with corneal graft rejection 

Optimal vision is contingent upon transparency of the cornea. Corneal neovascularization, 
trauma and surgical procedures such as photorefractive keratectomy and graft rejection 
after penetrating keratoplasty (PKP) can lead to corneal opacification (67). Corneal 
neovascularization, regardless of the underlying cause, leads to decreased vision, recurrent 
corneal erosion, and incompetent barrier function thus presenting a serious clinical problem 
for which treatment is poor (68). When transparency of the native cornea cannot be 
maintained at a functional level corneal transplantation is often the next intervention. Once 
transplanted, the major cause of corneal graft failure is allograft rejection. Despite this fact, 
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corneal transplantation has a very high success rate. Over 90% of low-risk corneal 
transplants retain clarity years after transplantation using only local immunosuppression. 
Blocking access of the host immune system to the donor cornea is the first line of defense 
against corneal allograft rejection, of which corneal avascularity is an essential component. 
Corneal graft rejection is primarily a cell-mediated immune response controlled by T cells 
(69). Normal corneal immune privilege can be eroded by neovascularisation, especially if it 
is accompanied by ocular inflammation and increased intraocular pressure. New vessels 
generated by neovascularisation provide a route of entry for immune-mediating cells to the 
graft, while the growth of new lymphatic vessels enables the exit of APCs and antigenic 
material from the graft to regional lymph nodes. The cornea consequently becomes 
infiltrated with and sensitized to immune reaction mediators. Therefore, neovascularisation 
may induce an immune response that can lead to immunological corneal graft rejection (70, 
71). In normal low risk grafts it is a general practice to avoid exposing suture knots and ends 
which may stimulate neovascularization, and to treat neovascularization aggressively using 
topical steroids (67).  

Due to the crucial role of VEGF in neovascularisation (see section 2.2), many have suggested 
that VEGF inhibition may prevent corneal transplant rejection. Despite the efforts made in 
recent years on the use of anti-VEGF compounds for corneal rejection it is still not clear 
whether the treatment is adequate (72, 73).  

Several nucleic-based therapies are currently being developed with the hope of filling this 
uncovered therapeutic gap. Although the molecular mechanisms that control 
neovascularization are not well understood, inflammation has been found to frequently 
precede corneal neovascularisation. For this reason, many studies have concentrated their 
efforts on targeting humoral and corneal-derived inflammatory mediators. Among these 
mediators are arachidonic-acid derived eicosanoids of the cytochrome P450 monooxygenase 
(CYP) pathways. Seta and collaborators designed specific siRNAs targeting CYP4B1a, 
CYP4B1b and CYP4B1c and demonstrated that silencing the expression of CYP4B1 
diminished corneal vascular response and greatly attenuated VEGF mRNA levels in an 
animal model of inflammatory neovascularization (68). One of the most advanced nucleic-
based therapies is GS-101 (Aganirsen). GS-101, developed by the Swiss company 
GeneSignal, is a 25-mer phosphorothioate ASON that inhibits the expression of Insulin 
Receptor Substrate-1 (IRS-1). IRS-1 is a cytoplasmic adapter protein without intrinsic kinase 
activity. The main function of this protein is to recruit other proteins to their receptors and 
induce the organization of intracellular signalling cascades (74). IRS-1 interacts with the 
VEGF-receptor complex in angiogenesis (75) and it promotes lymphangiogenesis by 
interacting with integrins (76, 77). Downregulation of IRS-1 results in prevention of 
neovascular growth and has been reported to prevent the angiogenic process in preclinical 
in vivo and in vitro experiments (78, 79). Phase I clinical studies demonstrated excellent 
safety and tolerability of GS-101 when applied as eyedrops three times a day. In April 2007 
the EMA granted orphan drug designation for GS-101 for the treatment of corneal graft 
rejection associated to corneal neovascularisation. After successfully completing a phase II 
trial GS-101 is about to enter phase III clinical trials (80).  
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2.6. Ophthalmic infections 

There are several sight-threatening diseases caused by viral infections. Infections caused by 
virus imply the use of the cellular machinery by the virus to replicate. Hence, all infected 
cells will have foreign nucleic acids encoding viral specific proteins inside them. Given that 
oligonucleotide based therapies pursue downregulating expression of genes it seems 
obvious to target viral specific genes. In the following section several approaches using this 
rationale will be explained focusing on antivirals developed for treating viral infections in 
the eye. The first success case of oligonucleotide-based therapies came precisely in this field, 
fomivirsen was the first compound based on oligonucleotides to be approved by the FDA.  

Citomegalovirus-induced retinitis is among the most common opportunistic infections in 
severely immunocompromised patients (81). In AIDS patients, CMV infection is associated 
with gastrointestinal disorders and retinitis. An estimated 15 to 40% of AIDS patients will 
suffer CMV-induced retinitis. This condition if left untreated leads to blindness within six 
months (82). Three systemic compounds are available for the treatment of this disease: 
ganciclovir, foscarnet, and cidofovir. The mechanism of action of these three compounds is 
inhibition of the CMV DNA polymerase. However, these treatments have some drawbacks 
such as limited efficacy, poor oral bioavailability, toxicity and emergence of multidrug 
resistant strains due to mutations in the target gene (83). Because of this, effective therapy 
usually implies alternation between the three available antivirals or different combinations 
of them, along with intraocular drug injections. This approach, known as highly active 
antiretroviral therapy (HAART), reduces 55%-95% the number of new cases of CMV (81). 
Without acute therapy, retinitis spreads throughout the entire retina causing total retinal 
destruction and blindness; without chronic suppressive maintenance therapy relapse of the 
retinitis occurs promptly (84). Looking for an alternative approach Isis Pharmaceuticals Inc. 
developed an ASON that targets the immediate-early (IE) gene of human CMV. Fomivirsen, 
(Vitravene®) is a phosphorothioate oligonucleotide (ISIS-2922) developed by Isis in 
partnership with CIBA vision, for the treatment of newly diagnosed and advanced CMV 
retinitis in AIDS patients and was the first oligonucleotide based drug approved by the FDA 
in 1998. Administered by intravitreal injection it has shown good clinical activity against this 
disease (85).  

Acute Retinal Necrosis (ARN) is a type of retinitis that affects both healthy and immuno-
compromised patients (86). This inflammatory disease is caused by several members of the 
herpesvirus family including herpes simplex virus (HSV-1), varicela zoster virus (VZV) 
and citomegalovirus (CMV) (87, 88). The disease usually starts with signs of uveitis: red 
eyes, light sensitivity, eye pain and blurred vision. Detailed examination of the eyes of 
these patients show infiltration of inflammatory cells in the anterior and posterior 
segments in all retinal layers (89). As the disease progresses retinal necrosis and occlusive 
arteriolar retinopathy are found. Current treatment for this condition includes antiviral 
therapy and topical cortosteroids (89). There is no treatment that can prevent the 
establishment or persistence of latent infection. Reactivation of HSV-1 infections, are 
currently controlled clinically with long term administration of acyclovir or its derivatives. 
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Antiviral drugs can quell symptoms resulting from reactivation outbreaks but cannot 
eliminate latent virus. Furthermore, long-term usage of antiviral drugs can lead to 
development of drug-resistant viruses (90). Several authors have designed specific ASON 
targeting the proinflammatory cytokine tumor necrosis factor alpha (TNF) (91, 92). TNF 
is known to possess many cell-activating and proinflammatory activities. TNF mRNA 
and protein are up-regulated in eyes infected with HSV-1 (93). Moreover, experiments 
using DNA microarrays have shown that TNF and its receptors are upregulated in eyes of 
mice with HSV-1 retinitis (94). The results of these experiments show that either 
intravitreal or subconjunctival injections of TNF-ASON provide local therapeutic effects 
without systemic adverse effects. Another strategy uses morpholino oligomers specifically 
designed to reduce viral mRNA trough steric blocking. Moerdyk-Schauwecker and 
collaborators have developed five phosphoro- diamidate morpholino oligomers (PMO) 
that target three HSV-1 genes: ICP0, ICP4 and ICP27. Their experimental results 
demonstrated that PMO targeting HSV-1 mRNAs not only inhibited viral replication in cell 
cultures but also in mouse models of the disease (90).  

HSV-1 not only causes ARN it is also responsible for Herpetic Stromal keratitis (HSK) a 
well- defined immune mediated blinding corneal disease (95). There is profound evidence 
that the corneal inflammation in HSK is orchestrated by CD4+ T cells and is accompanied 
by uncontrolled development of blood vessels within the eye (96). The corneal infiltration 
contains abundant polymorphonuclear cells. These cells, although important for 
controlling virus replication, are also responsible for damage to the cornea (97, 98). Due to 
the relevant role of TNF- and IFN in the progress of HSK, targeting TNF- and IFN has 
been proposed as a therapeutic approach (99). Wasmuth and collaborators demonstrated 
that topical administration of ASONs targeting either TNF- or IFN were capable of 
reducing their target in mice infected by HSV-1 without altering antiviral immune 
response (100, 101). In addition to the production of proinflammatory cytokines, 
neovascularization of the cornea is observed in this pathogenesis. As in other diseases in 
which neovascularisation plays a role, VEGF seems to be at least in part, responsible for the 
process. Validation of this theory has been performed by inhibiting HSV induced 
angiogenesis in mice with either a VEGF neutralizing antibody or an siRNA designed 
against this target (102).  

Acute Hemorrhagic Conjuntivitis (AHC) is a highly contagious eye disease caused primarily 
by enterovirus 70 (EV70) or coxackievirus A24 (CVA24) infection. Thus, several authors 
attempted to develop novel siRNA-based anti-AHC agent effective against both EV70 and 
CVA24. Resulting siRNAs showed excellent cytoprotective effects and dramatic decreases in 
viral replication and protein synthesis in primary human conjunctival cells, MRC5 and 
HeLa cells (103) or in Rabdomyosarcoma cells (104).  

2.7. Chronic optic nerve atrophy and ischemic optic neuropathy 

Ischemic optic neuropathy is defined as vision loss due to lack of blood supply to the optic 
disc (infarction). Decreased visual acuity and visual field are usually the only symptoms of 
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ischemic optic neuropathy regardless of the underlying cause. Ischemic optic neuropathy is 
primarily of two types: Anterior (AION) and posterior (PION) involving the optic nerve 
head (ONH) and the rest of the optic nerve, respectively (105). AION can be arteritic (A-
AION) and non-arteritic (NA-AION). In the management of AION, it is crucial to identify 
the form of AION. A-AION is an ophthalmic emergency and requires urgent treatment with 
high-dose steroid therapy to prevent further visual loss to both the affected eye and the 
sometimes asymptomatic Contralateral eye. NA-AION is the most common form of the 
disease and it is usually detected due to unilateral painless visual loss along with edema to 
the optic nerve. It is more frequent in patients between 40 and 70 years of age and vision 
loss is usually less severe than in the A-AION. Systemic risk factors particularly nocturnal 
arterial hypotension, play major roles in the development of NA-AION. NA-AION patients 
treated with high doses of systemic steroid therapy showed significant improvement in 
visual acuity and visual field. (106).  

Given that the loss of vision in these conditions is due to loss of retinal ganglion cells (RGC) 
neuroprotection seems a rational approach. Focusing on this line of thought, Quark 
Pharmaceuticals is currently developing a nucleic-acid based therapy, specifically a siRNA-
based therapy: QPI-1007. QPI-1007 is a synthetic siRNA designed to temporarily inhibit 
expression of the pro-apoptotic protein caspase 2 that is currently in clinical trials for the 
treatment of NA-AION. Ahmed and colleagues in collaboration with Quark 
pharmaceuticals have shown that caspase-2 contributes loss of RGC in rat models of the 
condition and have demonstrated that intravitreal injections of QPI-1007 are effective in 
protecting against the death of RGC (35). Quark Pharmaceuticals is conducting a Phase I- 
dose escalation safety study using QPI-1007 in patients suffering from Optic Nerve Atrophy 
and NA-AION. Caspase 2 isn’t the only interesting target that offers a potential avenue for 
treatment in optic neurophaty. Helen and collaborators have focused on the action of 
another protein: connexin 43 (Cx43). Preclinical results show that an ASONs designed to 
specifically reduce upregulated levels of Cx43 in a model of optic ischemia has therapeutic 
potential (107) 

2.8. Inherited ocular diseases: Retinitis Pigmentosa (RP) and  
Ocular Albinism (OA) 

Retinitis pigmentosa (RP) is a class of diseases involving progressive degeneration of the 
retina and a leading cause of inherited blindness. RP is a heterogeneous disorder that starts 
in mid-periphery and advances towards the macula and fovea. Typical symptoms include 
night blindness followed by decreasing visual field, leading to tunnel vision and eventually 
legal blindness or in many cases complete blindness (108). This disorder involves 
photoreceptor-cell degeneration and affects ~ 1 in 3000 people (109). On the cellular level the 
rod photoreceptor system is predominantly affected but in later stages of the disease cone 
photoreceptors can also be affected (108). More than 40 causative genes have been 
implicated in RP, although mutations in rhodopsin gene (RHO) account for 15% of all types 
of RP. Great efforts have been made to explore new gene therapies for RP, but inter and 
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Antiviral drugs can quell symptoms resulting from reactivation outbreaks but cannot 
eliminate latent virus. Furthermore, long-term usage of antiviral drugs can lead to 
development of drug-resistant viruses (90). Several authors have designed specific ASON 
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intravitreal or subconjunctival injections of TNF-ASON provide local therapeutic effects 
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designed to reduce viral mRNA trough steric blocking. Moerdyk-Schauwecker and 
collaborators have developed five phosphoro- diamidate morpholino oligomers (PMO) 
that target three HSV-1 genes: ICP0, ICP4 and ICP27. Their experimental results 
demonstrated that PMO targeting HSV-1 mRNAs not only inhibited viral replication in cell 
cultures but also in mouse models of the disease (90).  

HSV-1 not only causes ARN it is also responsible for Herpetic Stromal keratitis (HSK) a 
well- defined immune mediated blinding corneal disease (95). There is profound evidence 
that the corneal inflammation in HSK is orchestrated by CD4+ T cells and is accompanied 
by uncontrolled development of blood vessels within the eye (96). The corneal infiltration 
contains abundant polymorphonuclear cells. These cells, although important for 
controlling virus replication, are also responsible for damage to the cornea (97, 98). Due to 
the relevant role of TNF- and IFN in the progress of HSK, targeting TNF- and IFN has 
been proposed as a therapeutic approach (99). Wasmuth and collaborators demonstrated 
that topical administration of ASONs targeting either TNF- or IFN were capable of 
reducing their target in mice infected by HSV-1 without altering antiviral immune 
response (100, 101). In addition to the production of proinflammatory cytokines, 
neovascularization of the cornea is observed in this pathogenesis. As in other diseases in 
which neovascularisation plays a role, VEGF seems to be at least in part, responsible for the 
process. Validation of this theory has been performed by inhibiting HSV induced 
angiogenesis in mice with either a VEGF neutralizing antibody or an siRNA designed 
against this target (102).  

Acute Hemorrhagic Conjuntivitis (AHC) is a highly contagious eye disease caused primarily 
by enterovirus 70 (EV70) or coxackievirus A24 (CVA24) infection. Thus, several authors 
attempted to develop novel siRNA-based anti-AHC agent effective against both EV70 and 
CVA24. Resulting siRNAs showed excellent cytoprotective effects and dramatic decreases in 
viral replication and protein synthesis in primary human conjunctival cells, MRC5 and 
HeLa cells (103) or in Rabdomyosarcoma cells (104).  

2.7. Chronic optic nerve atrophy and ischemic optic neuropathy 

Ischemic optic neuropathy is defined as vision loss due to lack of blood supply to the optic 
disc (infarction). Decreased visual acuity and visual field are usually the only symptoms of 

 
Recent Advances in Ocular Nucleic Acid-Based Therapies: The Silent Era 169 

ischemic optic neuropathy regardless of the underlying cause. Ischemic optic neuropathy is 
primarily of two types: Anterior (AION) and posterior (PION) involving the optic nerve 
head (ONH) and the rest of the optic nerve, respectively (105). AION can be arteritic (A-
AION) and non-arteritic (NA-AION). In the management of AION, it is crucial to identify 
the form of AION. A-AION is an ophthalmic emergency and requires urgent treatment with 
high-dose steroid therapy to prevent further visual loss to both the affected eye and the 
sometimes asymptomatic Contralateral eye. NA-AION is the most common form of the 
disease and it is usually detected due to unilateral painless visual loss along with edema to 
the optic nerve. It is more frequent in patients between 40 and 70 years of age and vision 
loss is usually less severe than in the A-AION. Systemic risk factors particularly nocturnal 
arterial hypotension, play major roles in the development of NA-AION. NA-AION patients 
treated with high doses of systemic steroid therapy showed significant improvement in 
visual acuity and visual field. (106).  

Given that the loss of vision in these conditions is due to loss of retinal ganglion cells (RGC) 
neuroprotection seems a rational approach. Focusing on this line of thought, Quark 
Pharmaceuticals is currently developing a nucleic-acid based therapy, specifically a siRNA-
based therapy: QPI-1007. QPI-1007 is a synthetic siRNA designed to temporarily inhibit 
expression of the pro-apoptotic protein caspase 2 that is currently in clinical trials for the 
treatment of NA-AION. Ahmed and colleagues in collaboration with Quark 
pharmaceuticals have shown that caspase-2 contributes loss of RGC in rat models of the 
condition and have demonstrated that intravitreal injections of QPI-1007 are effective in 
protecting against the death of RGC (35). Quark Pharmaceuticals is conducting a Phase I- 
dose escalation safety study using QPI-1007 in patients suffering from Optic Nerve Atrophy 
and NA-AION. Caspase 2 isn’t the only interesting target that offers a potential avenue for 
treatment in optic neurophaty. Helen and collaborators have focused on the action of 
another protein: connexin 43 (Cx43). Preclinical results show that an ASONs designed to 
specifically reduce upregulated levels of Cx43 in a model of optic ischemia has therapeutic 
potential (107) 

2.8. Inherited ocular diseases: Retinitis Pigmentosa (RP) and  
Ocular Albinism (OA) 

Retinitis pigmentosa (RP) is a class of diseases involving progressive degeneration of the 
retina and a leading cause of inherited blindness. RP is a heterogeneous disorder that starts 
in mid-periphery and advances towards the macula and fovea. Typical symptoms include 
night blindness followed by decreasing visual field, leading to tunnel vision and eventually 
legal blindness or in many cases complete blindness (108). This disorder involves 
photoreceptor-cell degeneration and affects ~ 1 in 3000 people (109). On the cellular level the 
rod photoreceptor system is predominantly affected but in later stages of the disease cone 
photoreceptors can also be affected (108). More than 40 causative genes have been 
implicated in RP, although mutations in rhodopsin gene (RHO) account for 15% of all types 
of RP. Great efforts have been made to explore new gene therapies for RP, but inter and 
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intragenic heterogeneity represent significant barriers to therapeutic development. For 
example more than 100 mutations in the human RHO gene, which encodes the 
photosensitive pigment in rod photoreceptors, have been identified in autosomal 
dominantly inherited RP (110). Development of therapies for each individual mutation 
would be technically difficult to achieve and not economically viable; thus a therapeutic 
approach that circumvents mutational diversity would be of great value. At present, there is 
one treatment which has reached the clinic for the treatment of Leber’s congenital amaurosis 
form 2 (LCA2), a type of RP, based on adenoviral (AAV) delivered gene therapy. Three 
years ago, Maguire and colleagues reported results in 12 patients who were treated with 
gene-replacement therapy. LCA2 is associated with mutations in RPE65, which encodes a 
protein requisite for the isomerohydrolase activity of the retinal pigment epithelium. This 
activity produces 11-cis-retinal, the natural ligand and chromophore of the opsins of rod and 
cone photoreceptors, the opsins cannot capture light and transduce it into electrical 
responses to initiate vision. In this study patients received one subretinal injection of AAV2-
hRPE65v2 (a viral vector encoding RPE65 protein). Visual improvement was observed in all 
12 patients with the greatest gains among younger patients (111). 

Still in early research stages are different approaches to the treatment of RP based on the 
administration of AAV-delivered RNA interfering compounds. Amongst these, both the 
University of Florida and Smurfit Institute of Genetics have achieved interesting results in 
vivo by silencing the expression of RHO in mouse models (112). More recent studies by Jiang 
and collaborators show how using  an AVV2/8 vector to develop an RNAi-based therapy in 
a dominant retinal degeneration mouse model expressing bovine GCAP1 (Y99C), 
significantly improved photoreceptor survival, delaying disease onset and increasing visual 
function (113). There are also several studies that target inosine 5’-monophosphate 
dehydrogenase 1 (IMPDH1) with viral delivered siRNA for the treatment of RP10 form of 
autosomal dominant RP(114). Another interesting approach based on RNAi therapy uses 
siRNAs to facilitate transplantation of rod photoreceptors, by disrupting junctional proteins 
and enhance donor cell integration in the retina (115). 

Ocular albinism type 1 is a group of X-linked or autosomal genetic disorders characterized 
by partial or total lack of melanin pigmentation in the eyes due to mutations in genes 
encoding proteins involved in melanogenesis. Eyes may be severely affected with 
photophobia and reduced visual acuity. Nystagmus or strabismus, are often associated and 
the irides and fundus are depigmented. Many forms of albinism, more or less severe, have 
been described. Some forms also affect skin and hair. As in other forms of albinism, these 
patients suffer loss of stereoscopic vision due to reduction of the ipsilateral component of 
the optic tract (116). General prevalence of albinism is 1/15,000 inhabitants. Treatment is 
exclusively symptomatic. Vetrini and collaborators have described an intronic point 
mutation in ocular albinism type 1 (OA1) gene in a family with the X-linked form of ocular 
albinism. Interestingly the mutation creates a new acceptor splice in intron 7 of the OA1 
gene leading to aberrant protein expression. In addition to low levels of normally spliced 
mRNA product of the OA1 gene, patient samples contained aberrant spliced mRNA. OA1 
expression was rescued in the patient’s melanocytes with an antisense morpholino modified 
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oligonucleotide (MO) complementary to the mutant sequence. The MO was able to rescue 
OA1 expression and restore the protein level in the patient’s melanocyte by skipping the 
aberrant inclusion (116). 

 

Compound Indication Company 
Type of 

compound 
Target Stage 

SYL040012 Glaucoma Sylentis Naked siRNA ADRB2 Ph II 

QPI-1007 
Glaucoma Quark 

Pharmaceuticals
Modified 

siRNA 
Caspase 2 

R&D 
NA-ION Ph I 

ARC1905 

Dry AMD 
Ophthotech 
Corporation 

Pegylated 
aptamer 

Complement 
component C5

Ph I 
Wet AMD (in 

combination with 
ranibizumab) 

Ph I 

E10030 
Wet AMD (in 

combination with 
ranibizumab) 

Ophthotech 
Corporation 

Aptamer PDGF Ph II 

Pegaptanib 
Wet AMD 

Eyetech/OSI 
Eyetech/Pfizer 

Pegylated 
aptamer 

VEGF 
Approved 

Diabetic Macular 
Edema Ph III 

Bevasiranib 
Wet AMD 

OPKO Health Naked siRNA VEGF 
Ph III (Term.) 

Diabetic Macular 
Edema 

Ph II 

Sirna-027 Wet AMD Merck/Allergan
Modified 

siRNA 
VEGF Ph II (Term.) 

PF-655 Wet AMD Quark/Pfizer 
Modified 

siRNA 
RTP801 Ph IIb 

iCO-007 
Diabetic Macular 

Edema 
iCO Therapeutics

Modified 
antisense 

c-raf Ph II 

ALT1103 Diabetic retinopathy 
Antisense 

Therapeutics 
Antisense GHR R&D 

SYL1001 Dry eye pain Sylentis Naked siRNA TRPV1 Ph I 

GS-101 
Corneal graft rejection 
associated to corneal 
neovascularization 

GeneSignal Phosphorothioa
te antisense 

IRS-1 Ph III 

Fomivirsen 
Advanced CMV 
infection in AIDS 

patients 
Isis/CIBA Phosphorothioa

te antisense 
IE gene CMV Approved 

Table 1. Compounds based on oligonucleotides under development for the treatment of ocular 
diseases. 

3. Safety issues 

3.1. Immunotoxicity 

As part of the defensive duties of the innate immune system it needs to discriminate 
between foreign and endogenous genetic material. Destruction of exogenous genetic 
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intragenic heterogeneity represent significant barriers to therapeutic development. For 
example more than 100 mutations in the human RHO gene, which encodes the 
photosensitive pigment in rod photoreceptors, have been identified in autosomal 
dominantly inherited RP (110). Development of therapies for each individual mutation 
would be technically difficult to achieve and not economically viable; thus a therapeutic 
approach that circumvents mutational diversity would be of great value. At present, there is 
one treatment which has reached the clinic for the treatment of Leber’s congenital amaurosis 
form 2 (LCA2), a type of RP, based on adenoviral (AAV) delivered gene therapy. Three 
years ago, Maguire and colleagues reported results in 12 patients who were treated with 
gene-replacement therapy. LCA2 is associated with mutations in RPE65, which encodes a 
protein requisite for the isomerohydrolase activity of the retinal pigment epithelium. This 
activity produces 11-cis-retinal, the natural ligand and chromophore of the opsins of rod and 
cone photoreceptors, the opsins cannot capture light and transduce it into electrical 
responses to initiate vision. In this study patients received one subretinal injection of AAV2-
hRPE65v2 (a viral vector encoding RPE65 protein). Visual improvement was observed in all 
12 patients with the greatest gains among younger patients (111). 

Still in early research stages are different approaches to the treatment of RP based on the 
administration of AAV-delivered RNA interfering compounds. Amongst these, both the 
University of Florida and Smurfit Institute of Genetics have achieved interesting results in 
vivo by silencing the expression of RHO in mouse models (112). More recent studies by Jiang 
and collaborators show how using  an AVV2/8 vector to develop an RNAi-based therapy in 
a dominant retinal degeneration mouse model expressing bovine GCAP1 (Y99C), 
significantly improved photoreceptor survival, delaying disease onset and increasing visual 
function (113). There are also several studies that target inosine 5’-monophosphate 
dehydrogenase 1 (IMPDH1) with viral delivered siRNA for the treatment of RP10 form of 
autosomal dominant RP(114). Another interesting approach based on RNAi therapy uses 
siRNAs to facilitate transplantation of rod photoreceptors, by disrupting junctional proteins 
and enhance donor cell integration in the retina (115). 

Ocular albinism type 1 is a group of X-linked or autosomal genetic disorders characterized 
by partial or total lack of melanin pigmentation in the eyes due to mutations in genes 
encoding proteins involved in melanogenesis. Eyes may be severely affected with 
photophobia and reduced visual acuity. Nystagmus or strabismus, are often associated and 
the irides and fundus are depigmented. Many forms of albinism, more or less severe, have 
been described. Some forms also affect skin and hair. As in other forms of albinism, these 
patients suffer loss of stereoscopic vision due to reduction of the ipsilateral component of 
the optic tract (116). General prevalence of albinism is 1/15,000 inhabitants. Treatment is 
exclusively symptomatic. Vetrini and collaborators have described an intronic point 
mutation in ocular albinism type 1 (OA1) gene in a family with the X-linked form of ocular 
albinism. Interestingly the mutation creates a new acceptor splice in intron 7 of the OA1 
gene leading to aberrant protein expression. In addition to low levels of normally spliced 
mRNA product of the OA1 gene, patient samples contained aberrant spliced mRNA. OA1 
expression was rescued in the patient’s melanocytes with an antisense morpholino modified 
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oligonucleotide (MO) complementary to the mutant sequence. The MO was able to rescue 
OA1 expression and restore the protein level in the patient’s melanocyte by skipping the 
aberrant inclusion (116). 
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Table 1. Compounds based on oligonucleotides under development for the treatment of ocular 
diseases. 

3. Safety issues 

3.1. Immunotoxicity 

As part of the defensive duties of the innate immune system it needs to discriminate 
between foreign and endogenous genetic material. Destruction of exogenous genetic 
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material is an essential part of protection against microorganisms, but can be a hurdle when 
trying to introduce synthetic genetic material for therapeutic purposes. The immune system 
responds to microbial RNA and DNA by producing type I interferon and proinflammatory 
cytokines. The chain reaction leading to production of these immune mediators is initiated 
by detecting conserved motifs of pathogens; this job is performed by several cell membrane 
and cytoplasmic receptors present at low levels in most cells. Toll-like receptors (TLR) are 
present in either the cell surface or in intracellular endocytic organelles and activation of 
these receptors leads to increase in the presenting capacity of dendritic cells and production 
of type I interferon. The TLRs responsible for detecting oligonucleotides are present 
exclusively in endosomes and are TLR3 that senses dsRNA (117), TLR7/8 that sense ssRNA 
(118) and TLR9 that senses ssDNA (119). TLRs are mainly expressed in immune cells; but 
foreign material has to be detected in non-immune cells as well; this task is performed by 
cytosolic sensor proteins. The dsRNA-dependent protein kinase (PKR) is a cytoplasmic 
sensor of RNA. Upon activation by binding to dsRNA, PKR forms a homodimer that 
acquires phosphorilation activity. Among the phosphorilation targets of PKR is eIF-2α; 
phosphorilation of this transcription factor leads translation inhibition and apoptosis (120). 
A second cytosolic sensor of dsRNAs is 2’-5’ oligoadenylate synthetase (OAS). Activation of 
this protein promotes the activation of ribonucleases that degrade endogenous and 
exogenous RNA, again leading the cell to apotosis (121). Other cytosolic sensors of dsRNA 
are the retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs) (122). RLRs are DExD/H 
RNA helicases. Two members of this family, RIG-I and MDA-5, have in addition to the 
helicase domain, two caspase activation and recruiting domains. Binding of dsRNA to RIG-I 
or MDA-5 activates a complex signalling cascade that ultimately leads to interferon-β 
production and apoptosis (123). As reviewed above, the immune system is prepared to react 
when foreign biological material is detected inside the body; several strategies can be used 
to bypass or modulate the response of the immune system:  

- Avoidance of sequence motifs or structures that are specifically recognized by the 
oligonucleotide sensors of the innate immunity. Lowering the number of uridines in a 
given RNA seems to lower the likelihood of an immune response; completely replacing 
the uridines by adenosines completely abrogates immune activation (124). Also, 
avoiding blunt ends on siRNAs could help reducing the immune response. RIG-I 
recognizes siRNAs with or without 2-base 3’ overhangs, but only those with blunt ends 
are able to trigger its ATPase activity and subsequent downstream signalling (125). 

- Introducing chemical modifications in nucleotides and/or their backbones to avoid 
activation of the immune response. 2’OMe and pseudouridine are modifications 
frequently present in mammalian RNAs; these modifications help avoiding triggering 
the immune response. Other modifications such as 2’F and LNA can also help evade 
immune detection (124). Whenever modifications are introduced into an 
oligonucleotide the modified molecule should be tested in order to make sure that the 
silencing activity has not been abolished. 

- Use targeted delivery of oligonucleotides (126) or delivery techniques that avoid the 
endosome routes for sequences that could activate TLRs.  Use of inhibitors of 
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endosomal maturation such as chloroquine and bafilomycin A1 can also abrogate the 
immune response (125). 

- Use of immunomodulators to impair or abolish the immune response.  

Some of the first therapeutic approaches using oligonucleotides were made in the field of 
ophthalmology. The eye is an immune privileged site, and this fact is one of the rationales 
behind the election of this site for the first trials. Several overlapping mechanisms 
contribute to establishing and maintaining immune privilege: the eye has a high content of 
immunosuppressive factors; it has a low expression of MHCII, hence limiting antigen 
presentation; stromal cells of the iris, ciliary body and retina are able to convert immune T 
cells to regulatory (Treg) cells, and retinal epithelial pigment cells are able to inhibit 
primed T cells; and finally death receptors such as FasL and PDL-1 are expressed by 
stromal cells that are able to induce apoptosis in immune cells that enter the eye (127).  
These advantages should not be interpreted as a free pass in terms of immunity for 
oligonucleotide therapies in the eye. In this regard, it has been shown that some siRNAs 
are able to activate TLR3 in a sequence-independent manner. Activation of this receptor by 
dsRNA has been found to suppress angiogenesis (57) and to induce retinal cell death; thus 
promoting atrophic AMD (46).  

3.2. Non immune off target effects 

The interaction of therapeutic oligonucleotides with their intended target RNAs is, with the 
exception of aptamers, highly sequence-specific. However, binding of one of these 
molecules to a non-target sequence requires only homology with a few base pairs. The result 
of this undesired interaction could be the inhibition of an unintended gene or an off target 
effect (OTE). Off-targeting is mostly mediated by the interaction between certain regions of 
the therapeutic molecule and complementary sites in the unintended target rather than 
overall homology between the two molecules (128). Careful comparison of candidate 
sequences with the entire transcriptome, attempting to avoid long stretches of homology, 
still remain necessary but are inadequate on their own to predict the actual risk of OTEs. 
Use of chemical modifications and improvement in oligonucleotide design has been 
successfully employed to reduce the likelihood of OTEs.   

The specificity of a sequence can be improved taking into account some important 
designing parameters such as thermodynamic stability of the duplex and 5’ and 3’-ends, 
the Tm value of the interaction region between the therapeutic oligonucleotide and 
possible off-targets (129) When dealing with knock down of mRNAs using siRNAs or 
antisense oligonucleotides the target position should be selected choosing regions that are 
as far away as possible from the initiation codon (130). The silencing effect of 
oligonucleotides is in general concentration-dependent, considerable success in reducing 
siRNA/antisense off-targeting has been achieved optimizing doses of the therapeutic 
oligonucleotide (131). Improvements in specificity achieved by altering sequences and/or 
introducing chemical modifications as well as in delivery of the molecule have also shown 
to have an impact on reducing potential off-target effects. Placing a 2’OMe at position 2 of 
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material is an essential part of protection against microorganisms, but can be a hurdle when 
trying to introduce synthetic genetic material for therapeutic purposes. The immune system 
responds to microbial RNA and DNA by producing type I interferon and proinflammatory 
cytokines. The chain reaction leading to production of these immune mediators is initiated 
by detecting conserved motifs of pathogens; this job is performed by several cell membrane 
and cytoplasmic receptors present at low levels in most cells. Toll-like receptors (TLR) are 
present in either the cell surface or in intracellular endocytic organelles and activation of 
these receptors leads to increase in the presenting capacity of dendritic cells and production 
of type I interferon. The TLRs responsible for detecting oligonucleotides are present 
exclusively in endosomes and are TLR3 that senses dsRNA (117), TLR7/8 that sense ssRNA 
(118) and TLR9 that senses ssDNA (119). TLRs are mainly expressed in immune cells; but 
foreign material has to be detected in non-immune cells as well; this task is performed by 
cytosolic sensor proteins. The dsRNA-dependent protein kinase (PKR) is a cytoplasmic 
sensor of RNA. Upon activation by binding to dsRNA, PKR forms a homodimer that 
acquires phosphorilation activity. Among the phosphorilation targets of PKR is eIF-2α; 
phosphorilation of this transcription factor leads translation inhibition and apoptosis (120). 
A second cytosolic sensor of dsRNAs is 2’-5’ oligoadenylate synthetase (OAS). Activation of 
this protein promotes the activation of ribonucleases that degrade endogenous and 
exogenous RNA, again leading the cell to apotosis (121). Other cytosolic sensors of dsRNA 
are the retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs) (122). RLRs are DExD/H 
RNA helicases. Two members of this family, RIG-I and MDA-5, have in addition to the 
helicase domain, two caspase activation and recruiting domains. Binding of dsRNA to RIG-I 
or MDA-5 activates a complex signalling cascade that ultimately leads to interferon-β 
production and apoptosis (123). As reviewed above, the immune system is prepared to react 
when foreign biological material is detected inside the body; several strategies can be used 
to bypass or modulate the response of the immune system:  

- Avoidance of sequence motifs or structures that are specifically recognized by the 
oligonucleotide sensors of the innate immunity. Lowering the number of uridines in a 
given RNA seems to lower the likelihood of an immune response; completely replacing 
the uridines by adenosines completely abrogates immune activation (124). Also, 
avoiding blunt ends on siRNAs could help reducing the immune response. RIG-I 
recognizes siRNAs with or without 2-base 3’ overhangs, but only those with blunt ends 
are able to trigger its ATPase activity and subsequent downstream signalling (125). 

- Introducing chemical modifications in nucleotides and/or their backbones to avoid 
activation of the immune response. 2’OMe and pseudouridine are modifications 
frequently present in mammalian RNAs; these modifications help avoiding triggering 
the immune response. Other modifications such as 2’F and LNA can also help evade 
immune detection (124). Whenever modifications are introduced into an 
oligonucleotide the modified molecule should be tested in order to make sure that the 
silencing activity has not been abolished. 

- Use targeted delivery of oligonucleotides (126) or delivery techniques that avoid the 
endosome routes for sequences that could activate TLRs.  Use of inhibitors of 
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endosomal maturation such as chloroquine and bafilomycin A1 can also abrogate the 
immune response (125). 

- Use of immunomodulators to impair or abolish the immune response.  

Some of the first therapeutic approaches using oligonucleotides were made in the field of 
ophthalmology. The eye is an immune privileged site, and this fact is one of the rationales 
behind the election of this site for the first trials. Several overlapping mechanisms 
contribute to establishing and maintaining immune privilege: the eye has a high content of 
immunosuppressive factors; it has a low expression of MHCII, hence limiting antigen 
presentation; stromal cells of the iris, ciliary body and retina are able to convert immune T 
cells to regulatory (Treg) cells, and retinal epithelial pigment cells are able to inhibit 
primed T cells; and finally death receptors such as FasL and PDL-1 are expressed by 
stromal cells that are able to induce apoptosis in immune cells that enter the eye (127).  
These advantages should not be interpreted as a free pass in terms of immunity for 
oligonucleotide therapies in the eye. In this regard, it has been shown that some siRNAs 
are able to activate TLR3 in a sequence-independent manner. Activation of this receptor by 
dsRNA has been found to suppress angiogenesis (57) and to induce retinal cell death; thus 
promoting atrophic AMD (46).  

3.2. Non immune off target effects 

The interaction of therapeutic oligonucleotides with their intended target RNAs is, with the 
exception of aptamers, highly sequence-specific. However, binding of one of these 
molecules to a non-target sequence requires only homology with a few base pairs. The result 
of this undesired interaction could be the inhibition of an unintended gene or an off target 
effect (OTE). Off-targeting is mostly mediated by the interaction between certain regions of 
the therapeutic molecule and complementary sites in the unintended target rather than 
overall homology between the two molecules (128). Careful comparison of candidate 
sequences with the entire transcriptome, attempting to avoid long stretches of homology, 
still remain necessary but are inadequate on their own to predict the actual risk of OTEs. 
Use of chemical modifications and improvement in oligonucleotide design has been 
successfully employed to reduce the likelihood of OTEs.   

The specificity of a sequence can be improved taking into account some important 
designing parameters such as thermodynamic stability of the duplex and 5’ and 3’-ends, 
the Tm value of the interaction region between the therapeutic oligonucleotide and 
possible off-targets (129) When dealing with knock down of mRNAs using siRNAs or 
antisense oligonucleotides the target position should be selected choosing regions that are 
as far away as possible from the initiation codon (130). The silencing effect of 
oligonucleotides is in general concentration-dependent, considerable success in reducing 
siRNA/antisense off-targeting has been achieved optimizing doses of the therapeutic 
oligonucleotide (131). Improvements in specificity achieved by altering sequences and/or 
introducing chemical modifications as well as in delivery of the molecule have also shown 
to have an impact on reducing potential off-target effects. Placing a 2’OMe at position 2 of 
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the guide strand  of a siRNA (132), or incorporating a destabilizing UNA at position 7 are 
examples of modifications that reduce OTEs (131).  

3.3. Oversaturation of endogenous RNAi-silencing complex (RISC) 

Bioactive drugs that rely on cellular processes to exert their functions face the risk of 
saturating endogenous pathways. This may be the case with RNAi-based drugs. Naturally 
occurring, small RNAs have undergone the process of evolution because of selection 
pressure and they exist in a perfect balance with their precursors and targets, as well as with 
the associated machinery involved in this process. Gene Silencing is performed by 
introducing artificially synthesized small RNAs into the cell or by expressing 
siRNAs/shRNAs within the cell, which enter the endogenous RNAi pathway at different 
levels. shRNAs and siRNAs are very similar to miRNA precursors before and after Dicer 
processing, respectively, relying on endogenous miRNA machinery to achieve target 
silencing. If the siRNA design parameters are not optimal they might cause an imbalance of 
the endogenous small RNA mediated pathways resulting in various and deleterious 
unwanted effects in the cells. It becomes therefore crucial to optimize the siRNA/shRNA 
design parameters and work at the lowest possible concentrations to mitigate the potential 
of side effects.  

4. Advantages of RNAi-based therapeutics and challenges ahead 

This new revolutionary technology presents many advantages for therapeutic development 
with respect to classical compounds, mainly: 

- They are based on an endogenous mechanism, thus involving the administration of a 
type of molecule already present in the cells, and hence, in principle, less hazardous: 
cells should have the capacity to handle resulting breakdown products. 

- As with antisense molecules before them, RNAi molecules can potentially address any 
pathological target, this means that even diverse intracellular molecules can be the 
object of these therapies. However, one must bear in mind that in practice, some genes 
are harder to target than others, and further more sophisticated algorithms must be 
developed to address this issue. 

- Also in comparison to antisense, RNAi is considerably more potent (133) and 
consequently may be used at lower concentrations. It is believed also to have a more 
persistent pharmacological action than traditional drugs because it blocks protein 
synthesis and hence, the cell will have to re-synthesise the protein from scratch to 
return to its previous state. Thus allowing the use of lower or less frequent doses. 

- Given the selectivity and specificity of these compounds, coupled with the fact of their 
in silico design and analysis they will have potentially less harmful side effects. 

- Another main advantage from an industry perspective is their much shorter 
pharmacological development, the estimate being 2-3 years vs 4-6 years from proof of 
concept. This can be attributed among other things, to the fact that the compound can 
be designed against homologous regions of the human gene sequence between the 
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different animal models used for preclinical studies, thus simplifying toxicology 
studies. 

- Finally, despite being novel entities they are easy to manufacture using a nucleotide 
synthesiser which simplifies large scale production. Additionally, this means the 
compounds are chemical entities rather than biological products, greatly helping the 
regulatory process for approval of these medicaments. 

Nevertheless, RNAi still has certain hurdles to overcome before its full potential can be 
exploited. The main obstacle is delivery of siRNAs to the desired tissue, and although many 
advances have been made in this area, much work still remains for therapeutic possibilities 
to be fully exploited. On the other hand, in a clinical setting, RNAi can only be used to treat 
pathologies caused by expression or overexpression of a given protein or by the presence of 
exogenous organisms, as its mechanism works through suppression of protein expression; 
i.e. it is only of use when the therapeutic option requires a loss of function. Furthermore, 
although any gene is a potential target for RNAi, in practice not all mRNAs are as easily 
silenced and new more sophisticated algorithms will need to be developed to overcome this 
issue. And last but not least, as discussed in the previous section the issue of off-target 
effects resulting from siRNAs silencing unwanted genes can lead to important safety 
considerations when developing new medicaments. 

From the perspective of ocular disorders, the eye is a relatively isolated compartment 
which makes it an ideal target organ for gene silencing. Local delivery of the compound to 
the eye limits exposure to the rest of the body and reduces the amount that is needed. 
siRNA injected into the vitreous cavity readily diffuses throughout the eye and is 
detectable for at least five days (56), the amounts used for intraocular injections are small 
compared to those used for systemic application and so as siRNA gets out of the eye it is 
diluted and is difficult to detect. This allows local silencing of a gene with little chance for 
an effect on the same gene outside the eye, reducing concern of remote effects in other 
tissues complicating observations in the eye. The sequence specificity of siRNA resulting in 
targeting of a single gene combined with local administration in the relatively isolated 
confines of the eye provides an ideal way to study eye-specific effects of gene disruption 
(34). While the development of siRNA-based therapies has promise for all tissues, the 
unique characteristics of the eye provide advantages which explain why the first siRNA 
compounds to advance through clinical trials were for the treatment of wet AMD, a disease 
affecting the back of the eye. 

5. Prospects for current therapies based on nucleic-based strategies 

The clinical progress of oligonucleotide drugs has been slow because realizing them requires 
inventing a new model for pharmaceutical development that allows large, highly charged 
molecules to be synthesized economically, distribute to target tissues, enter cells, and 
function within acceptable limits for toxicity. Oligonucleotides are large, unlike traditional 
small molecule drugs (<500-700 molecular weight), and much effort has been required to 
understand their properties and optimize them. However, considering RNAi was 
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the guide strand  of a siRNA (132), or incorporating a destabilizing UNA at position 7 are 
examples of modifications that reduce OTEs (131).  
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introducing artificially synthesized small RNAs into the cell or by expressing 
siRNAs/shRNAs within the cell, which enter the endogenous RNAi pathway at different 
levels. shRNAs and siRNAs are very similar to miRNA precursors before and after Dicer 
processing, respectively, relying on endogenous miRNA machinery to achieve target 
silencing. If the siRNA design parameters are not optimal they might cause an imbalance of 
the endogenous small RNA mediated pathways resulting in various and deleterious 
unwanted effects in the cells. It becomes therefore crucial to optimize the siRNA/shRNA 
design parameters and work at the lowest possible concentrations to mitigate the potential 
of side effects.  

4. Advantages of RNAi-based therapeutics and challenges ahead 

This new revolutionary technology presents many advantages for therapeutic development 
with respect to classical compounds, mainly: 

- They are based on an endogenous mechanism, thus involving the administration of a 
type of molecule already present in the cells, and hence, in principle, less hazardous: 
cells should have the capacity to handle resulting breakdown products. 

- As with antisense molecules before them, RNAi molecules can potentially address any 
pathological target, this means that even diverse intracellular molecules can be the 
object of these therapies. However, one must bear in mind that in practice, some genes 
are harder to target than others, and further more sophisticated algorithms must be 
developed to address this issue. 

- Also in comparison to antisense, RNAi is considerably more potent (133) and 
consequently may be used at lower concentrations. It is believed also to have a more 
persistent pharmacological action than traditional drugs because it blocks protein 
synthesis and hence, the cell will have to re-synthesise the protein from scratch to 
return to its previous state. Thus allowing the use of lower or less frequent doses. 

- Given the selectivity and specificity of these compounds, coupled with the fact of their 
in silico design and analysis they will have potentially less harmful side effects. 

- Another main advantage from an industry perspective is their much shorter 
pharmacological development, the estimate being 2-3 years vs 4-6 years from proof of 
concept. This can be attributed among other things, to the fact that the compound can 
be designed against homologous regions of the human gene sequence between the 
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different animal models used for preclinical studies, thus simplifying toxicology 
studies. 

- Finally, despite being novel entities they are easy to manufacture using a nucleotide 
synthesiser which simplifies large scale production. Additionally, this means the 
compounds are chemical entities rather than biological products, greatly helping the 
regulatory process for approval of these medicaments. 

Nevertheless, RNAi still has certain hurdles to overcome before its full potential can be 
exploited. The main obstacle is delivery of siRNAs to the desired tissue, and although many 
advances have been made in this area, much work still remains for therapeutic possibilities 
to be fully exploited. On the other hand, in a clinical setting, RNAi can only be used to treat 
pathologies caused by expression or overexpression of a given protein or by the presence of 
exogenous organisms, as its mechanism works through suppression of protein expression; 
i.e. it is only of use when the therapeutic option requires a loss of function. Furthermore, 
although any gene is a potential target for RNAi, in practice not all mRNAs are as easily 
silenced and new more sophisticated algorithms will need to be developed to overcome this 
issue. And last but not least, as discussed in the previous section the issue of off-target 
effects resulting from siRNAs silencing unwanted genes can lead to important safety 
considerations when developing new medicaments. 

From the perspective of ocular disorders, the eye is a relatively isolated compartment 
which makes it an ideal target organ for gene silencing. Local delivery of the compound to 
the eye limits exposure to the rest of the body and reduces the amount that is needed. 
siRNA injected into the vitreous cavity readily diffuses throughout the eye and is 
detectable for at least five days (56), the amounts used for intraocular injections are small 
compared to those used for systemic application and so as siRNA gets out of the eye it is 
diluted and is difficult to detect. This allows local silencing of a gene with little chance for 
an effect on the same gene outside the eye, reducing concern of remote effects in other 
tissues complicating observations in the eye. The sequence specificity of siRNA resulting in 
targeting of a single gene combined with local administration in the relatively isolated 
confines of the eye provides an ideal way to study eye-specific effects of gene disruption 
(34). While the development of siRNA-based therapies has promise for all tissues, the 
unique characteristics of the eye provide advantages which explain why the first siRNA 
compounds to advance through clinical trials were for the treatment of wet AMD, a disease 
affecting the back of the eye. 

5. Prospects for current therapies based on nucleic-based strategies 

The clinical progress of oligonucleotide drugs has been slow because realizing them requires 
inventing a new model for pharmaceutical development that allows large, highly charged 
molecules to be synthesized economically, distribute to target tissues, enter cells, and 
function within acceptable limits for toxicity. Oligonucleotides are large, unlike traditional 
small molecule drugs (<500-700 molecular weight), and much effort has been required to 
understand their properties and optimize them. However, considering RNAi was 
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discovered just over a decade ago, this technology has advanced towards clinical trials with 
amazing speed. Both for antisense molecules and RNAi compounds initial most advanced 
therapies were developed taking advantage of the environment within the interior of the 
eye. One antisense oligonucleotide has been approved by the FDA in 1998: Vitravene® or 
fomivirsen developed by Isis Pharmaceuticals for the treatment of cytomegalovirus retinitis 
in immunocompromised patients. Initial most advanced siRNAs were designed to treat wet 
age-related macular degeneration (AMD) taking advantage of the relatively RNAse free 
environment of the interior of the eye. These therapies were based on intravitreal injection, a 
form of administration which allows bypassing on of the main rate-limiting issues for 
therapeutic oligonucleotides, that of delivery to the required target tissue. 

Delivering oligonucleotides in whole organisms requires crossing many barriers. 
Degradation by serum nucleases, clearance by the kidney, or inappropriate biodistribution 
can prevent the oligonucleotide from ever reaching its target organ. Generally, the 
oligonucleotide must pass through the blood vessel wall and navigate the interstitial space 
and extracellular matrix. Finally, if the oligonucleotide succeeds in reaching the appropriate 
cell membrane, it will usually be taken up into an endosome, from which it must escape to 
be active. Antisense oligonucleotides are usually delivered in saline and rely on chemical 
modifications to enable uptake. Their phosphorothioate backbone binds to serum proteins, 
slowing excretion by the kidney (134). The aromatic nucleobases also interact with other 
hydrophobic molecules in serum and on cell surfaces; many types of cells in vivo express 
surface receptors that actively take up oligonucleotides.  

Delivery is even more challenging for siRNAs, where all the aromatic nucleobases are on the 
inside, leaving heavily hydrated phosphates on the outside of the duplex. This hydrated 
surface interacts poorly with cell surfaces and is rapidly excreted in the urine. Hence, except 
for direct injection in targets such as the eye where they are also delivered in saline, 
researchers have invested heavily in the development of delivery vehicles for siRNA. 
Various delivery strategies include nanoparticles, cationic lipids, antibodies, cholesterol, 
aptamers and viral vectors for short hairpin RNAs. In this case, the delivery system most 
clinically validated is that based on SNALP (stable nucleic acid lipid particle) technology 
developed by Tekmira for systemic administration of siRNAs. However, although it is being 
used to formulate at least 4 different siRNAs currently undergoing clinical trials, it has yet to 
be used more extensively before victory can be claimed on the battle of delivery.  

The field of oligonucleotide therapeutics has often swung from irrational optimism to 
irrational despair.  This is true for industry, but in the laboratory as well, gene knockdown 
experiments have fallen in and out of favour with researchers. In reality, oligonucleotides 
are useful tools with strengths and weaknesses (135). The promise of RNAi as a powerful 
new approach for therapeutic treatment of diseases has propelled early stage clinical testing 
of siRNAs for a variety of diseases. However, it is still too soon to evaluate whether or not 
RNAi based therapeutics will live up to their expectations. Given the mood swings in this 
area, with big pharma investing large sums in the technology at one point and then backing 
out only two or three years later, the industry has been in a turmoil which is now beginning 
to even out. This relative calm should bring about maturity in the field with the science 
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becoming more solid as we gain more knowledge of the biology of these compounds. From 
an industry perspective, it is foreseeable that Big Pharma’s involvement will continue the 
later trend of product-specific licensing and co-development rather than the purchase of 
platform technologies from smaller biotech experts performed in the early days of the 
technology. This is also in line with structural changes in the industry towards the 
outsourcing of research (136). 
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environment of the interior of the eye. These therapies were based on intravitreal injection, a 
form of administration which allows bypassing on of the main rate-limiting issues for 
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developed by Tekmira for systemic administration of siRNAs. However, although it is being 
used to formulate at least 4 different siRNAs currently undergoing clinical trials, it has yet to 
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The field of oligonucleotide therapeutics has often swung from irrational optimism to 
irrational despair.  This is true for industry, but in the laboratory as well, gene knockdown 
experiments have fallen in and out of favour with researchers. In reality, oligonucleotides 
are useful tools with strengths and weaknesses (135). The promise of RNAi as a powerful 
new approach for therapeutic treatment of diseases has propelled early stage clinical testing 
of siRNAs for a variety of diseases. However, it is still too soon to evaluate whether or not 
RNAi based therapeutics will live up to their expectations. Given the mood swings in this 
area, with big pharma investing large sums in the technology at one point and then backing 
out only two or three years later, the industry has been in a turmoil which is now beginning 
to even out. This relative calm should bring about maturity in the field with the science 
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becoming more solid as we gain more knowledge of the biology of these compounds. From 
an industry perspective, it is foreseeable that Big Pharma’s involvement will continue the 
later trend of product-specific licensing and co-development rather than the purchase of 
platform technologies from smaller biotech experts performed in the early days of the 
technology. This is also in line with structural changes in the industry towards the 
outsourcing of research (136). 
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