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Preface

In the past, major causes of blindness were infection and cataracts. At the time,

these conditions were thought to be incurable and inflicted debilitating effects on

the quality of life. However, advances in pharmacology and surgery have changed

this situation remarkably, and these conditions are now treatable and preventable.

Instead of infection and cataracts, the majority of causes of blindness in developed

countries in the last few decades have become retinal or optic nerve degeneration.

These are the current challenges we must face, and development of strategies for

protection of retinal cells and the optic nerve with drugs is urgently required.

Currently, many preclinical reports on neuroprotection are available, and they

have revealed a number of potential therapeutic targets although they have not

yet supplied sufficient data for use in clinical settings. However, while there has

been a significant increase in understanding of novel or detailed cell death mech-

anisms, which is useful for identifying novel targets, research into gene therapy

using several neurotrophic factors for protection of retinal cells is progressing.

These developments are providing hope for patients whose sight is affected by

retinal degeneration.

Most recently, work by the Nobel Prize winner Shinya Yamanaka has attracted

much attention and inspired many researchers in the medical field. It has encour-

aged regenerative therapy by cell transplantation with induced pluripotent stem

(iPS) cells, and this technology will benefit many people suffering from diseases

that require replacement of affected cells and tissues. Application of this strategy in

the ophthalmic field has a promising future, and indeed, safety trials for the use of

iPS cells in patients with age-related macular degeneration (AMD) will be starting

soon. Stimulation of neuroprotection and neuroregeneration will provide effective

treatment for retinal and optic nerve degeneration, and one day these conditions will

be curable as cataracts now are. To this end, research into retinal neuroprotection

and neuroregeneration has provided some convincing results so far and this field is

advancing rapidly. Therefore, it is essential for clinicians and researchers
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of ophthalmology to keep up-to-date with the latest information from preclinical

and clinical studies, although it is not very easy to do so. The aim of this book is to

summarize the recent progress in neuroprotection and neuroregeneration of the

retina and optic nerve in both preclinical and clinical aspects of ophthalmology.

It has been estimated that glaucoma will affect more than 80 million individuals

worldwide by 2020, with at least 6–8 million people becoming bilaterally blind.

Glaucoma is a leading global cause of irreversible blindness and is perhaps the most

prevalent of all neurodegenerative diseases. Thus, we devote a large section to

glaucoma (Part I, Chaps. 1–13). There are many aspects of this disease and potential

therapeutic targets. Part I of the book describes the pathological mechanisms and

retinal ganglion cell death, including glutamate neurotoxicity, calcium signaling,

and oxidative stress. It also provides information on the roles of glial cells and

microglial cells, a new form of necrosis, and axonal flow disturbance and degen-

eration, together with possible therapeutic strategies for glaucoma.

On the other hand, AMD is the biggest cause of blindness in the United States

and European countries. Epidemiological studies have revealed that AMD has

many aggravating factors including smoking, light toxicity, and oxidative stress,

and it is known that intake of vitamins and lutein, which are antioxidants, shows

preventive effects against this condition. Moreover, wet-type macular degenera-

tion, which is associated with neovascularization, is commonly treated with intra-

ocular injection of drugs targeting vascular endothelial growth factor (VEGF).

Major advances in treatment strategies are being achieved in this field. In some

types of AMD and retinitis pigmentosa, the retinal pigment epithelium (RPE) is

disturbed, and thus investigations from cell–biological aspects, such as studies on

protection of photoreceptors and RPE and interaction between photoreceptors–

RPE, are discussed in Part II (Chaps. 14–18).

Furthermore, mechanisms underlying retinal detachment, uveitis, and optic

neuritis, as well as neuroprotection in each disease, are discussed in Part III

(Chaps. 19–23). Like glaucoma and AMD, these conditions affect many people

and cause debilitating effects on the quality of life. In addition to neuroprotection,

use of candidates other than iPS cells, such as endothelial progenitor cells (EPC),

for retinal regeneration and optic nerve regeneration research provides good pros-

pects for the future. For example, novel strategies exploiting neuroinflammation

and stimulating cytoskeletal organization in growth cones are noteworthy.

This book was mainly written by up-and-coming ophthalmologists who are

specialized in retinal diseases and are devoted to both clinical and preclinical

research. However, each chapter is written in such a way that beginners in the

field can understand the complex contexts. We believe that the contents of this book

will appeal to a wide variety of readers with an interest in ophthalmic research and

will be particularly useful to ophthalmologists in training and also to medical

students and scientists who are outside the field. Some readers may wish to skip

certain specialized areas at first, but that is not a problem. It is more important

for one to enjoy reading the parts that are of interest or that are one’s favorite topic.
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On the other hand, we hope that those who are busy ophthalmic specialists can

acquire the latest preclinical and clinical knowledge in a short time from

Neuroprotection and Neuroregeneration for Retinal Diseases.

Sendai, Miyagi, Japan Toru Nakazawa

Kawasaki, Japan Yasushi Kitaoka

Tokyo, Japan Takayuki Harada
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Chapter 1

Molecular Architecture of Glutamate
Signaling Pathway in Glaucomatous Optic
Neuropathy

Yasunari Munemasa

Abstract Glutamate is the predominant excitatory neurotransmitter in the central

nervous system. Excessive concentrations of glutamate have been reported in

various neurological diseases, including glaucomatous optic neuropathy (GON).

Glutamate excitotoxicity triggered by overstimulation of N-methyl-D-aspartate

(NMDA)-type glutamate receptors may contribute to retinal ganglion cell (RGC)

degeneration in glaucoma and other retinal neuronal cell death in ischemic insult

including diabetic retinopathy. Neuroprotective effects with the blockage of

overstimulated NMDA receptors were found in several previous studies in RGC

degeneration models, such as the axotomy, ischemia, and laser-induced high

intraocular pressure models. Although there is a great deal of evidence for elevated

glutamate in GON, a clinical trial of memantine, an NMDA receptor antagonist,

was unsuccessful. Thus, excitotoxicity is not recognized as a primary factor in

GON, although glutamate leaking from dying/dead RGCs or compromised glia may

contribute to the secondary death of neighboring RGCs via excessive activation of

NMDA receptors during the development of glaucoma. Therefore, appropriate

modulation of NMDA receptor-mediated retinal excitotoxicity remains to be elu-

cidated and may become a possible therapeutic target.

Keywords Excitotoxicity • Glutamate • Retina • Retinal ganglion cell

1.1 Introduction

Glutamate is an excitatory neurotransmitter in the central nervous system (CNS).

Neurotoxicity in the retina caused by elevated glutamate levels was first reported by

Lucas and Newhouse in 1957 [1]. This phenomenon is referred to as excitotoxicity
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and it induces neuronal degeneration. Glutamate stored within cells is not harmful.

Currently, excitotoxicity is known to play a role in various neurological disorders,

including acute insult and chronic stress [2]. After the original report of Lucas and

Newhouse, numerous studies focusing on excitotoxicity have been performed in

neurodegenerative diseases including glaucomatous optic neuropathy (GON) [3, 4].

One contested study found higher levels of glutamate in the vitreous of

glaucomatous patients than in controls [5, 6]. Therefore, it appears reasonable to

suggest that if ganglion cell death in glaucoma is caused by excessive activation of

N-methyl-D-aspartate (NMDA) receptors, then the NMDA receptor antagonist

memantine would be worth exploring as a potential neuroprotective agent. Based

on this reasoning, a clinical trial was conducted to determine the efficacy of

memantine as a neuroprotectant against glaucoma. However, that trial was unsuc-

cessful. Unfortunately, one of the authors associated with the reports by Dreyer

et al. and Brooks et al. was later discredited, and attempts by others to reproduce

some of those findings were not successful [5–8]. As a result, reliance on these data

as a basis for undertaking further trials is difficult to justify. However, after those

reports, elevated glutamate levels in animal experimental glaucoma models were

reported [9, 10]. Furthermore, ectopic vesicular glutamate release at the optic nerve

head was observed 2 days after intraocular pressure (IOP) elevation and caused

subsequent axonal degeneration and RGC loss [11]. Although the memantine trial

failed, understanding RGC degeneration with elevated glutamate levels may be

important. This chapter discusses mechanistic insights into excitotoxicity and how

excitotoxicity can contribute to GON.

1.1.1 Physiology

Glutamate is the most abundant excitatory neurotransmitter in the CNS. Nerve

impulses trigger the release of glutamate from presynaptic cells [12]. In the

opposing postsynaptic cells, glutamate receptors, such as the NMDA receptor,

bind glutamate and are activated [13]. Because of its role in synaptic plasticity,

glutamate is involved in cognitive functions in the CNS. The form of plasticity

known as long-term potentiation occurs at glutamatergic synapses in the brain and

retina [14, 15]. Glutamate functions not only as a point-to-point transmitter but also

through spillover synaptic cross talk between synapses in which glutamate released

from a neighboring synapse creates extrasynaptic signaling/volume transmission.

In addition, glutamate plays important roles in the regulation of growth cones and

synaptogenesis during development [16, 17].

4 Y. Munemasa



1.1.2 Glutamate Transporters

In the retina, glutamate transporters that rapidly remove excess glutamate from the

extracellular space are found in neuronal and glial membranes. In retinal injury or

disease, they can work in reverse, and excess glutamate can accumulate outside cells.

It was reported that five distinct excitatory amino acid transporters (EAATs) that

transport glutamate have been cloned: the glutamate/aspartate transporter (GLAST)

[18], glial glutamate transporter (GLT)-1 [19], excitatory amino acid carrier (EAAC)-1

[20], excitatory amino acid transporter (EAAT)-4 [21], and excitatory amino acid

transporter (EAAT)-5 [22]. GLAST andGLT-1, which are exclusively located in glial

cells in the brain [23–25], are also present in the retina. In the retina, GLAST

is considered to be the major glutamate transporter and is expressed in Müller

cells [26–28], while GLT-1, which is known to be responsible for up to 90 % of all

glutamate transport in the forebrain region [29], is found in retinal neurons, such as

cone photoreceptors and certain types of cone bipolar cell [30].

Little is known concerning the functional significance of GLT-1 expression in

these retinal neurons. The elimination of excessive glutamate in the retina and

vitreous is also important in slowing retinal neurodegenerative disease. The gluta-

mate transporter is the only mechanism for the removal of glutamate from the

extracellular fluid in the retina [31]. Increased glutamate levels may result from a

failure of glutamate transporters adjacent to RGCs. Mice deficient in the glutamate

transporters GLAST and EAAC-1, which are glutamate transporters, demonstrate

spontaneous RGC death and optic nerve degeneration without IOP elevation,

suggesting that glutamate transporters are necessary to prevent excitotoxic retinal

damage [32, 33]. GLAST immunoreactivity is present throughout the retina and can

be double-labeled with glutamine synthetase, a specific marker of Müller glial cells.

These observations indicate that the intracellular glutamate concentration is depen-

dent on glutamate uptake via GLAST in Müller glial cells.

1.1.3 Glutamate Receptors

Glutamate receptors are categorized into two main classes: ionotropic and

metabotropic. The ionotropic glutamate receptors, which are all nonselective cation

channels, are described as either NMDA or non-NMDA subtypes. NMDA receptors

are characterized by a high permeability to Ca2+, voltage-dependent blockage by

Mg2+, and slow gating kinetics. These receptors are known to be involved in a

variety of physiological processes in the CNS [34–36]. Cloning experiments have

demonstrated that there are at least five NMDA receptor subunits: NR1 and NR2A

through NR2D [37].

Most recently, the novel subunits NR3A and NR3B have been cloned [38–40].

NR3A and NR3B assemble as heterotetramers in the endoplasmic reticulum

to form functional channels through distinct combinations, producing various

1 Molecular Architecture of Glutamate Signaling Pathway in Glaucomatous. . . 5



postsynaptic responses. In the mature nervous system, NMDA receptors are com-

posed primarily of NR1 and NR2A through NR2C [41]. The receptor in some

neurons may contain only NR1 combined with either NR2A or NR2B. The NR1

subunit in rats has at least eight splice variant forms [42, 43], and splice variants are

also found in the NR2B-D and NR3A subunits [44]. On the other hand, unique

genes code for each NR2 subunit [45] and for NR3A [46, 47]. NR1 serves a

fundamental subunit of the NMDA receptor, without which the receptor cannot

function, whereas NR2A through NR2D can be regarded as modulatory subunits

[48, 49]. The NMDA receptor channel is highly permeable to Ca2+ [50, 51]. The

increase in intracellular calcium levels ([Ca2+]i) in neuronal cells resulting from the

activation of the NMDA receptor channel has been shown to be responsible for

modulating neuronal activity and producing neurotoxicity [52, 53]. There is recent

evidence that the inclusion of an NR3A subunit attenuates the calcium current

[54]. A unique feature of the NMDA receptor channel is the voltage dependence of

the receptor-mediated inward ionic currents. This is because the channel becomes

clogged by Mg2+ at negative membrane potentials and Mg2+ is driven out of the

channel pore when the membrane is depolarized. The NMDA receptor-mediated

inward current is maximal between �20 and �30 mV in external medium

containing physiological concentrations of Mg2+ (approximately 1 mM), is reduced

at more hyperpolarized potentials, and becomes negligible at �80 mV [55]. There-

fore, at the resting membrane potentials of most spiking neurons (�70 to�90 mV),

NMDA receptors undergo significant channel blockage by Mg2+, and the blockage

is relieved in a voltage-dependent manner when the neurons are depolarized by the

activation of co-localized postsynaptic non-NMDA receptors. In other words, the

NMDA receptor could serve as a molecular apparatus for detecting presynaptic

signals occurring along postsynaptic depolarization at the synapse. This voltage

dependence is important for synaptic integration in the CNS.

1.1.4 Downstream Signaling Cascade After Stimulation
of NMDA Receptors

Stimulation of NMDA receptors is observed in the retina in various animal models

of neurodegeneration, such as experimental glaucoma, axotomy, ischemia-

reperfusion, and NMDA injection [56–59]. Intravitreal injection of NMDA causes

relatively acute neuronal death, especially in the inner retina, through several

molecular pathways (Fig. 1.1). The increase in Ca2+[i] influx is the initial key

molecular event in NMDA receptor-mediated cell death [60]. Ca2+[i] overload

activates Ca2+-dependent enzyme systems such as calpain- and calcium-/calmodu-

lin-dependent kinase 2 (CaMK2) [61, 62]. Calpain is localized in TUNEL-positive

apoptotic cells in the inner retina after NMDA injection, and the inhibition of calpain

results in less NMDA-induced neuronal cell death, suggesting a proapoptotic role

of calpain in NMDA-induced neurotoxicity. In contrast, phosphorylation of CaMK2
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is observed in the retina relatively early after NMDA injection, and inhibition

of CaMK2 synthesis accelerates NMDA-induced RGC loss, indicating an

antiapoptotic role of CaMK2 [62]. Ca2+[i] influx also affects mitochondrial activity,

such as the release of cytochrome C and reactive oxygen species, and results in the

activation of several apoptotic pathways. Apoptosis-inducing factor is one key

factor released from mitochondria and also contributes to DNA damage with

overactivation of NMDA receptors [63]. PARP-1 activation occurs in the retina

after NMDA injection in the vitreous and is accompanied by a decrease in ATP

levels [64]. Conversely, a PARP inhibitor protects RGCs from NMDA-induced

excitotoxicity. Our previous studies on the downstream Ca2+[i] influx led us to

propose that the activation of proapoptotic molecules, such as nuclear factor-κB
p65 and p38, c-Jun N-terminal kinase, and c-Jun, plays a role in NMDA-induced

neurotoxicity [65–68] (Fig. 1.2). An inflammatory response, i.e., the upregulation of

interleukin-1β, is also observed in the glia and RGCs after NMDA administration,

Fig. 1.1 TUNEL staining after NMDA injection (A-1, 2). Hematoxylin and eosin staining

(B-1, 2). TUNEL-positive cells were observed in the inner retina after NMDA injection. There

are no TUNEL-positive cells in the control retina. Arrows are TUNEL-positive apoptotic cells.

Time course of TUNEL-positive cells in the inner retina (C). Intravitreal injection of 20 nmol

NMDA induced neurotoxicity in the inner retina. Approximately 60 % neuronal cell loss was

observed in the RGCL after NMDA injection (D). Scale bar¼ 50 μm

1 Molecular Architecture of Glutamate Signaling Pathway in Glaucomatous. . . 7



suggesting the involvement of inflammation in response to excitotoxicity [69].

Our previous study showed that axonal degeneration with neurofilament loss is

evident 3 days after intravitreal injection of NMDA [70]. Although NMDA pene-

trates into the inner retina after intravitreal injection and induces various molecular

changes in the glia and RGCs which lead to RGC apoptotic degeneration and inner

retinal thinning, those changes occur after TUNEL-positive DNA fragmentation

in RGCs, indicating anterograde degenerative change in NMDA-induced neurotox-

icity. Furthermore, apoptotic cell body death affects axonal transport to axons

through the disruption of kinesin-1 activity, an anterograde axonal motor protein

related to microtubules and neurofilament. These findings indicate anterograde

neurodegeneration in NMDA-induced neurotoxicity [70].

1.2 Future Perspectives

Glutamate levels in the vitreous have been measured under the premise that the

vitreous represents the extracellular space of the retina. The true extracellular space

is the intracellular space between retinal cells. Because of technical difficulties in

measuring such glutamate concentrations in the human retina, it has not been

confirmed whether glutamate levels are elevated in human patients with glaucoma.

The epicenter of GON is proposed to be the optic nerve head or lamina cribrosa,

where soft tissues, including RGC axons and blood vessels circulating the optic

nerve head, are likely to be compressed as a result of deformation of the laminar

Fig. 1.2 Schema for molecular pathway for glutamate neurotoxicity
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structure [71, 72]. Excitotoxicity may play a role in the pathophysiology of

glaucoma by causing secondary RGC death because of glutamate leaking from

injured cells, thereby triggering the activation of the apoptotic pathway. Harada and

coworkers found that mice deficient in the glutamate transporters GLAST or

EAAC-1 demonstrate spontaneous RGC and optic nerve degeneration without

elevated IOP [33]. The retinas of glaucoma patients showed lower immunoreactiv-

ity of the EAAT-1 [73]. Furthermore, other studies showed that the optic nerve head

is ischemic in glaucoma [74, 75]. Excitotoxicity can also contribute to the devel-

opment of glaucomatous axonal degeneration because glutamate clearance by the

glia decreases under ischemic conditions [76]. Although excitotoxicity is not a

primary event in GON, glutamate leaking from dying/dead RGCs or compromised

glia may contribute to the secondary death of neighboring RGCs via excessive

activation of NMDA receptors in the development of glaucoma (Fig. 1.2).

Therefore, the more appropriate therapeutic modulation of NMDA receptor-

mediated retinal excitotoxicity remains to be elucidated and may become a

potential therapeutic target.
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Chapter 2

Calcium and Calpain Activation

Morin Ryu and Toru Nakazawa

Abstract Even with clinical treatment to reduce intraocular pressure (IOP), visual

field defects still progress in many patients. Recent research has shown that the

optic nerve head (ONH) is a key location in this process, where mechanical,

ischemic, and inflammatory stresses are associated with axonal transport defects

and retinal ganglion cell (RGC) apoptosis.

Glutamate, an excitatory neurotransmitter, causes excitotoxic damage in RGCs

via N-methyl-D-aspartate receptors (NMDARs) in certain pathologic conditions,

particularly ischemia. Activated NMDARs cause Ca2+ dysregulation, which acti-

vates the Ca2+-dependent cascade and results in RGC degeneration, calpain acti-

vation, the degeneration of neuronal processes, and, finally, apoptosis.

Axonal transport damage induced by optic nerve crush (ONC) is commonly used

as a model in glaucoma research. This model is known to induce deficits in

neurotrophic factors in the central nervous system and ATP, to impair the mito-

chondria, to create oxidative stress and Ca2+ dysregulation, and to cause calpain

activation.

Additionally, hyperglycemia-induced dysfunction and pathology occurs earlier

in the RGCs than in the retinal vessels. Previous reports also identified Ca2+

dysregulation and calpain activation in this process.

Although various triggers induce RGC degeneration and apoptosis via various

mechanisms, it is believed that they all result in Ca2+ dysregulation and calpain

activation. Targeting this point of convergence thus holds promise as a

neuroprotective therapy, especially for patients who do not respond to

IOP-lowering treatment.
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2.1 Ca2+ and RGC Degeneration

Intracellular Ca2+ homeostasis plays a pivotal role in many biological processes,

including fertilization, gene expression, and apoptosis [1, 2]. The products of cell

metabolism accumulate with age and together with oxidative stress gradually

impair Ca2+ homeostasis, making neurons more vulnerable to stresses that can

lead to neurodegeneration [3, 4]. Ca2+ dyshomeostasis in these chronic pathologies

comprises mitochondrial and endoplasmic reticulum (ER) dysfunction, Ca2+ buff-

ering impairment, and glutamate excitotoxicity.

RGC degeneration in glaucoma has similarities with processes in other neuro-

logical diseases [5, 6] such as Parkinson’s disease and Alzheimer’s disease. These

similarities include the accumulation of amyloid precursor protein [7], the depen-

dence on neurotrophic factors [8], and the involvement of various Ca2+-mediated

cascades [6].

Intracellular Ca2+ dysregulation triggers many pathogenic mechanisms in the

retina that affect RGC survival, including glutamatergic excitotoxicity via

N-methyl-D-aspartate (NMDA) receptors [9], optic nerve blockade-induced RGC

axonal damage (as occurs in the optic nerve crush (ONC) model) [10], and

hyperglycemia-induced RGC degeneration [11]. All these mechanisms begin with

a Ca2+ influx from extra- and intracellular storage in the ER and mitochondria into

the cytoplasm, followed by the activation of Ca2+-dependent cascades, ultimately

resulting in RGC degeneration and apoptosis. These Ca2+-dependent cascades

include calpain, the caspase pathway, and oxidative stress.

Despite the varying etiology of glaucoma and other ocular neural degenerative

diseases, there are many important common elements, including compartmental-

ized programs of degeneration targeting axons, dendrites, and cell bodies [12–14].

These programs, which are linked to several specific neuronal cascades, all con-

verge in the dysregulation of Ca2+ [14] (Fig. 2.1).
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Fig. 2.1 Calcium dysregulation and calpain activation in RGCs
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2.2 Calpain Activation

Calpains are a family of cytoplasmic, Ca2+-activated, cysteine proteases. They are

ubiquitous in the cells of all living creatures, from human beings to microorgan-

isms. The enzymatic activity of calpains is regulated by Ca2+ and the endogenous

inhibitory protein calpastatin [15].

In normal cells, Ca2+ concentration is lower than 0.05 mM. Under these condi-

tions, calpains act as a biomodulator for Ca2+-dependent events, such as signal

transduction, cell proliferation, cell cycle progression, differentiation, and apopto-

sis [16]. The most abundant members of the calpain family are calpains 1 and 2.

They differ in their sensitivity to Ca2+, with their half maximal Ca2+ requirements

in vitro being approximately 3–50 mM and 400–800 mM, respectively [16].

The level of Ca2+ required to activate calpains in vivo, however, has not been

determined.

Uncontrolled and prolonged calpain-mediated proteolysis has been associated

with a number of neurodegenerative conditions, including Parkinson’s disease,

Alzheimer’s disease [17, 18], stroke [19], and trauma [20].

In the RGCs, calpain activation has been demonstrated in many pathologies,

such as in the optic nerve crush model [10], the hyperglycemia model [11], and the

NMDA-induced excitotoxic injury [21]. Calpains have various substrates including

their endogenous inhibitor calpastatin [22], caspase 3, poly (ADP-ribose) polymer-

ase [23], fodrin [24], p53 [25], p35 [26], and calcineurin [27]. Cleavage of

calpastatin, fodrin, p35, or calcineurin is associated with the induction of apoptosis.

2.3 Pathologies Causing Ca2+ Dysregulation and Calpain
Activation

2.3.1 Oxidative Stress and Ca2+ Dysregulation

The central nervous system (CNS) becomes increasingly susceptible to oxidative

stress with age. DNA, proteins, and lipids are all affected [28, 29]. Markers of

oxidative stress, such as lipid peroxidation [30], protein carbonyl [31], and

advanced glycation end products (AGEs) [32], are also detectable in glaucoma

models and in the tissues of glaucoma patients [33].

Furthermore, NF-E2-related factor 2 (Nrf2), a transcription factor that plays a

pivotal role in endogenous protection against oxidative stress, is implicated in

glaucoma models [34]. Nrf2, which is activated by oxidative stress and electro-

philes, controls various detoxifying enzymes and antioxidants. In normal condi-

tions, the cytosolic regulatory protein Kelch-like ECH associated protein 1 (Keap1)

represses Nrf2 and anchors it in the cytoplasm. When cells are exposed to oxidative

or electrophilic stress, Nrf2 is released from Keap1 and translocates to the nucleus,
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where it enhances the transcription of antioxidant genes [35]. The authors identified

the expression of Nrf2 and its translocation in the RGCs with an ONC model.

Furthermore, CDDO-Im, a potent activator of Nrf2, has a neuroprotective effect.

Oxidative stress impairs intracellular Ca2+ homeostasis, and the resulting Ca2+

overload causes additional oxidative stress, creating a positive feedback loop. Ca2+

dysregulation induces oxidative stress through several mechanisms, including an

increased metabolic rate [36] and the activation of reactive oxygen species (ROS)-

producing enzymes, such as nitric oxide synthase and nicotinamide adenine dinu-

cleotide phosphate oxidase [37, 38]. ROS can directly damage proteins, lipids, and

nucleic acids, thereby impairing mitochondrial respiration and depolarizing the

mitochondrial membrane. This decreases the ability to buffer Ca2+ [39, 40]. Fur-

thermore, it is likely that ROS not only increase the release of Ca2+ from the ER

[41], but also directly damage the plasma membrane proteins (Ca2+ ATPase)

responsible for maintaining Ca2+ homeostasis [42, 43].

2.3.2 Glutamate Toxicity

Elevated intracellular Ca2+ can cause the influx of Ca2+ from the extracellular

environment or its release from the ER, where the Ca2+ concentration is 1,000

times higher than in the cytoplasm. Essentially, Ca2+ enters cells through two Ca2+

channels in the plasma membrane: receptor-operated channels (ROCs) and voltage-

operated Ca2+ channels (VOCCs) [44]. These ROCs include N-methyl-D-aspartate

receptors (NMDARs) and α-amino-3-hydroxy-5-methylisoxazole-4-propionate

acid receptors (AMPARs). Ca2+ influx through the ROCs is activated by the direct

binding of a specific agonist (e.g., glutamate).

RGC apoptosis in glaucoma has been attributed to glutamate-mediated toxicity

[45]. Under hypoxic conditions, retinal cells release glutamate [46], exposure to

which is toxic at high levels. Low but chronic levels of elevated glutamate have also

been found to be toxic to ganglion cells [47].

Glutamate is the principal excitatory neurotransmitter in the CNS, which

includes the retina. In response to a variety of insults, the balance of glutamate

shifts to a net accumulation of extracellular glutamate, which induces the

overactivation of glutamatergic ion channels in the neurons. Due to their high

permeability to Ca2+, neurons are injured by the activation of NMDARs, and

treatment with NMDAR antagonists can reduce the damage associated with

glutamatergic excitotoxic injury [48].

Nakazawa et al. showed that after NMDAR activation induced an influx of Ca2+,

the protein phosphatase 2A (PP2A) was activated to dephosphorylate Akt. Phos-

phorylated Akt is apoptosis suppressive and thus prevents RGC death. On the other

hand, brain-derived neurotrophic factor (BDNF) stimulates the TrkB/ShcC/PI3K

signaling pathway and results in an increase in phosphorylated Akt [9].
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2.3.3 Hyperglycemia-Induced RGC Degeneration

Diabetic retinopathy (DR) remains one of the major causes of blindness [49]. DR is

diagnosed based on vascular pathology findings in the retina, but in animal models,

hyperglycemia has been observed to lead to neurological effects after 2 weeks

[50]. In patients without retinopathy, the thickness of the circumpapillary retinal

fiber layer has been observed to decrease with the progress of DR [51].

Hyperglycemia-related calcium dysregulation may be caused by a decrease in

releasable Ca2+ stored in the ER [52], Ca2+ influx via impaired Ca2+ channels in the

plasma membrane, and Ca2+ release from the ER and mitochondria [53]. The

disturbance of Ca2+ homeostasis is a significant cause of RGC degeneration, as it

leads to changes in synaptic plasticity, the dysfunction of neurons, and, eventually,

apoptosis [54]. Oxidative stress also plays a key role in the development and

progression of diabetes and its complications, by increasing the production of

free radicals and impairing antioxidant defenses [55]. Hyperglycemia-induced

overproduction of superoxide in the mitochondrial electron-transport chain seems

to be the key event in the pathogenesis of all diabetic complications [56]. Diabetes

mellitus can thus be considered to be among major metabolic disorders causing

neuropathy via various mechanisms, including Ca2+ dysregulation.

Hyperglycemia combined with a high-fat diet as a model of metabolic stress has

been observed to induce RGC axonal degeneration and apoptosis within 4 weeks

[11]. In this model, Ca2+ dysregulation induced by hyperglycemia causes calpain

activation and oxidative stress, leading to RGC apoptosis. Calpastatin-knockout

mice, animals in which endogenous calpain inhibitors are defective, undergo

enhanced RGC death in hyperglycemic conditions. Furthermore, RGC apoptosis

and axonal degeneration are significantly prevented by SNJ-1945, a potent exoge-

nous calpain inhibitor that can cross the blood–retinal barrier [57]. Together, these

results indicate that calpain activation is a critical part of RGC degeneration in

animal models.

2.3.4 Axonal Flow Damage and Optic Nerve Crush-Induced
RGC Degeneration

Recent evidence indicates that the causes of RGC degeneration are compartmen-

talized into processes such as deficits in axonal transport, remodeling of dendrites

and synapses, and physiological dysfunction. These new findings are changing the

way we think about glaucoma [6].

It has been known for some time that glaucoma involves deficits in axonal

transport. Since the 1970s [58, 59], research on this subject had focused on events

in the optic nerve head (ONH) because that is the site of the mechanical blockade

that causes axonal impairment [60, 61]. Blockade of the ONH causes retrograde
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transport impairment, and the resulting deficit of neuronal survival factors (e.g.,

BDNF), which normally come from the brain, results in apoptosis [8].

Axonal transport impairment precedes and eventually causes axonal and

somatic degeneration in glaucoma [62]. The disorders involved in this axonal

transport deficit include changes in molecular motors [63] and cytoskeletal

structures [64]. ONC is a common animal model of axonal impairment and is

often used to research the pathologies involved in glaucoma and axonal degen-

eration [65–67]. In addition to ONC, the administration of vinblastine to the optic

nerve also prevents axoplasmic flow [10]. The authors successfully established a

new glaucoma model not involving mechanical damage to the axons. Vinblastine

(VB) is a microtubule disassembly chemical that inhibits mitosis and stops axonal

transport in RGCs by binding microtubular protein [68, 69]. Results obtained with

this model indicated that RGC apoptosis involves BDNF deficits, impairment of

the mitochondria, and calpain activation, a finding that agrees with a number of

other reports [8, 70, 71].

2.4 Neuroprotective Therapy

All clinical treatments for glaucoma, including eyedrops and surgery, aim at

lowering IOP. However, IOP-lowering drugs do not prevent the progress of visual

field defects in all glaucoma patients, especially patients with normal IOP. It is

therefore imperative to establish new neuroprotective treatments for these patients.

Neuroprotective therapy is directed specifically at the neurons. In glaucoma,

neuroprotection is directed at the neurons in the central visual pathway, particularly

at the RGCs, and does not target IOP or any other risk factors.

2.4.1 Calpain Inhibitors (Fig. 2.2)

Calpain activation is implicated in numerous mechanisms underlying

glaucomatous RGC degeneration, suggesting that suppression of overactivated

calpain pathways may be a good candidate for neuroprotection in glaucoma. This

alternative treatment would be especially useful for patients with normal IOP.

The calpain inhibitor ((1S)-1-((((1S)-1-benzyl-3-cyclopropylamino-2,

3-di-oxopropyl)amino)carbonyl)-3-methylbutyl)carbamic acid 5-methoxy-3-oxapentyl

ester (SNJ-1945) is an agent with high cellular permeability and high metabolic

stability [72], which has the potential to reduce retinal cell death in vivo and in vitro

[10, 11, 73, 74] (Fig. 2.2). Compared to other calpain inhibitors, such as 4-fluorophe-

nylsulfonyl-Val-Leu-CHO (SJA6017) and N-acetyl-Leu-Leu-Nle-CHO (ALLN),

SNJ-1945 is readily administered orally [72]. In one report, SNJ-1945 reached a

maximum concentration in the retina 15 min after oral administration of 10 mg/kg
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and then gradually decreased over 8 h. The concentration of SNJ-1945 in the retina still

maintained IC50 against calpains 1 and 2 even 4 h after oral administration

(Y. Shirasaki, Senju Pharmaceuticals, unpublished data).

2.4.2 Calcium Channel Antagonist

Adrenoceptor antagonists for lowering IOP also suppress the influx of Na+ and Ca2+

into the RGCs [75, 76]. This effect may explain the ability of beta-blockers to

protect RGCs in DBA/2J mice, which are animals with inherited glaucoma

[77]. The selective beta-blockers betaxolol and levobetaxolol have a greater sup-

pressive effect on Ca2+ influx [78] than timolol, a nonselective beta-blocker.

Furthermore, research in animals on the topical application of betaxolol and

levobetaxolol has shown the necessary quantity at the back of the eye to effectively

protect RGCs from various insults [79].

A number of independent clinical trials have compared the effect of betaxolol

with timolol on both IOP and the progression of visual field (VF) loss in glaucoma

patients [80, 81]. Some have reported that betaxolol provides greater suppression of

the progression of VF loss than timolol, despite the greater reduction of IOP by

timolol. The association between IOP reduction and VF preservation remains
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unclear, but may involve neuroprotective mechanisms. In addition to reducing

ischemic injury by acting as a vasodilator or Ca2+ influx suppressor, betaxolol

can also increase the expression of BDNF mRNA in the retina [82].

The primary effect of calcium channel blockers (CCBs) is the inhibition of Ca2+

influx, resulting in the relaxation of vascular smooth muscle and consequent

increased blood flow [83]. In an ischemic model, CCBs can reduce vascular

constriction in the retina and optic nerve head [84].

Although CCBs primarily protect ischemic RGCs by restoring impaired blood

flow through vasodilation, they also directly suppress Ca2+ influx-related cell death

pathways, including ischemia- and excitotoxicity-induced apoptosis and

necrosis [85].

An investigation exploring the effect of nimodipine (a Ca2+ channel antagonist)

on ocular blood flow in NTG [86] found that while the drug did not affect blood

flow or IOP, contrast sensitivity was dramatically improved in the treatment group.

The researchers concluded that nimodipine’s efficacy was a direct result of decreas-

ing Ca2+ influx to the RGCs and their axons, a finding that agreed with other studies

of Ca2+ channel antagonists.
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Chapter 3

Classical Signaling Pathways

Hideki Hayashi

Abstract In this chapter, I introduce a number of important aspects of intracellular

signaling pathways related to the protection and degeneration in cells, especially

neurons, under physiological and pathological conditions. Extracellular stimuli

activate intracellular signaling pathways by receptor- and/or channel-mediated

manner or simple diffusion across the plasma membrane. A variety of intracellular

signaling molecules responses to each extracellular stimulus and reflects the coor-

dinated actions of the cells. While there are many signaling pathways contributing

to cellular functions and survival, I will focus on the MAPK/ERK and the Akt

pathways in this chapter. The roles of these pathways have been extensively studied

in neurons and other cells. However, the contribution and/or the cross talk of these

intracellular signaling pathways in the degeneration and protection of the retina

remains unclear because each signaling molecule in these pathways has diverse

roles under physiological and pathological conditions. I would be happy if this

chapter would help the readers to understand the complex and the ingenious

regulating mechanisms of the intracellular signaling pathways for the degeneration

and protection in neurons of the retina.
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3.1 MAPK/ERK Pathways

Mitogen-activated protein kinases (MAPKs) are serine/threonine kinases conserved

in eukaryotes from yeasts to vertebrates and one of the most important enzyme

groups, which regulate a large variety of events including development, cell

migration, differentiation, metabolism, survival, and degeneration. In mammals,

four distinct MAPK subfamilies have been identified (Fig. 3.1): extracellular

signal-regulated kinases 1 and 2 (ERK1/2), c-jun N-terminal kinases 1, 2, and

3 (JNK1/2/3), p38 MAPKα, β, γ, and δ, and ERK5. Although MAPKs are not

directly phosphorylated by receptor-type tyrosine kinases or receptor-associated

protein kinases, a signal transduction cascade composed of three modules in each

MAPK subfamily activates MAPKs in series by phosphorylation. The phosphory-

lation of a specific MAPK is induced by a specific MAP kinase kinase (MAPKK or

MAP2K) and a specific MAP kinase kinase kinase (MAPKKK or MAP3K), which

phosphorylates MAPKK.

MEK1/2MAPKK:

MAPK:

MAPKKK:

MKK4/7 MKK3/6 MEK5

Raf MEKK1-4, TAK-1, ASK-1

ERK1/2 JNK p38MAPK ERK5

Targets:

Extracellular
stimuli: Growth factors, Mitogens, Stress, Cytokines

Plasma membrane

c-Jun
PPARg
Bim

c-Fos
Elk-1
SP-1
MSK-1
p90RSK

ATF-1
CHOP
MAPKAPK2
MEF2
MSK-1

c-Fos
CREB
MEF2
SGK

Fig. 3.1 The simplified scheme of the MAPK cascade and its regulations and targets (see text for

details)
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3.1.1 ERK1/2

ERK1 (MAPK3) and ERK2 (MAPK1) are 90 % identical in primary sequence [1]

and are expressed in all tissues with various extents. ERK1/2 are phosphorylated by

MAPKK1/2 (MEK1/2), which are activated by Raf-1, B-Raf, or other MAPKKK

proteins in the Ras-Raf-MEK-ERK cascade. A double phosphorylation at threonine

and tyrosine residues of ERK1/2 by MEK1/2 is required for maximum activation.

In most cases, the activation of the ERK1/2 cascade is initiated by receptor-type

tyrosine kinases, G-protein-coupled receptors, and ion channels at the plasma

membrane. An inactive Ras-GDP is converted into an active Ras-GTP by guanine

nucleotide exchange factors. The conversion of Ras-GDP to Ras-GTP is stimulated

by growth factor receptors such as vascular endothelial growth factor (VEGF)

receptor, epidermal growth factor receptor, and insulin-like growth factor receptor

[2]. In addition to these growth factor receptors, tropomyosin-sensitive receptor

kinases (Trks), which are the high-affinity receptors for neurotrophins such as nerve

growth factor (NGF), brain-derived neurotrophic factor (BDNF), and neurotrophin

3 and neurotrophin 4, also activate the Ras-Raf-MEK-ERK pathway [3]. The

ERK1/2 pathway has a large number of downstream targets including transcription

factors such as Elk-1 and c-Fos and protein kinases such as p90 ribosomal S6 kinase

and mitogen- and stress-activated protein kinase-1 (MSK-1). Thus, changes of

ERK1/2 activity will cause intricate and profound effects on the cell function and

survival.

BDNF is a well-known neurotrophin as a neuroprotective molecule against optic

nerve injury and optic neuropathy. Nakazawa et al. [4] reported that an intravitreal

injection of BDNF, but not NGF and neurotrophin 3, protected rat retinal ganglion

cells (RGCs) from optic nerve transection-induced cell death via signaling path-

ways involving ERK as well as PI3K. It has also been reported that tears in normal

tension glaucoma patients contain less BDNF than those in normal subjects [5].

Thus, the administration of BDNF and/or stimulation of the TrkB, a receptor of

BDNF, -ERK pathway has been considered as one of the neuroprotective strategies

in potential glaucoma therapies.

7,8-Dihydroxyflavone, a member of the flavonoid family, is a selective and a

bioactive high-affinity TrkB agonist, which inhibits kainic acid-induced apoptosis

in the hippocampus, decreases infarct volumes induced by the transient middle

cerebral artery occlusion, and reduces the neurotoxicity of the dopaminergic toxi-

cant 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine in mice [6]. It has been recently

reported that the 7,8-dihydroxyflavone promoted the survival signaling pathways of

ERK as well as Akt and protected RGCs and the RGC-5 cell line, a retinal neuronal

precursor cell line, from oxidative stress and excitotoxicity [7].

Zhou et al. [8] performed an intravitreal injection of recombinant adeno-

associated virus to transduce RGCs with genes encoding a constitutively active

form of MEK1, an upstream activator of ERK1/2. This treatment induced in vivo

activation of ERK1/2 in the retina at 4 weeks after injection of adeno-associated
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virus and significantly increased RGC soma and axon survival at 5 and 7 weeks

after ocular hypertension surgery in a rat glaucoma model. This study demonstrated

that the gene therapy by the adeno-associated virus to transduce RGCs efficiently

improved the RGC survival in ocular hypertensive insult, and the ERK1/2 pathway

performed an important role in the protection of RGCs from neurodegeneration

induced by glaucoma.

If the ERK signaling pathway plays an important role in the neuronal survival,

an inhibition of this pathway would cause a survival defect in neurons. Methyl-

prednisolone, a synthetic glucocorticoid, has been used in the therapy of neurolog-

ical autoimmune central nervous system diseases. Diem et al. [9] determined the

effect of high-dosage methylprednisolone therapy, which is the standard approach

for acute inflammation of the optic nerve, on the survival of RGCs in an animal

model of severe optic neuritis. This study demonstrated that the administration of

methylprednisolone significantly exacerbated RGC apoptosis caused by myelin

oligodendrocyte glycoprotein-induced experimental autoimmune encephalomyeli-

tis, and the mechanism of the aggravated RGC apoptosis was an inhibition of

ERK1/2 phosphorylation by the steroid treatment.

Perron and Bixby [10] investigated that N-cadherin, laminin, and basic fibroblast

growth factor (bFGF) promoted neurite outgrowth in embryonic chick retinal

neurons and then found that the neurite outgrowth induced by these proteins

required the activation of ERK1/2, but not p38 MAPK. It has also been reported

that bFGF modulates axon extension and growth cone guidance of RGC in Xenopus
laevis via the ERK as well as the phospholipase C pathways, but not the phosphati-

dylinositol 3-kinase (PI3K) pathway [11]. Furthermore, activated leukocyte cell

adhesion molecule (ALCAM) expresses only in extending axons of RGCs and

plays important roles of extension and guidance of RGC axons in the early stage

of developing retina. The translation of ALCAM occurs in axonal growth cones of

chick RGCs and requires the activity of the ERK1/2 pathway [12]. Thus, the

ERK1/2 signaling pathway not only plays key roles in neuron survival but also

regulates the axon growth of RGCs.

3.1.2 JNK

JNK1/2/3 (MAPK8/9/10), also known as stress-activated protein kinase (SAPK)

γ/α/β, respectively, are activated by MAPKK4 and MAPKK7, also known as

MKK4 and MKK7, respectively (Fig. 3.1). MKK4 and MKK7 lead to the activation

of JNKs by simultaneous phosphorylation at a threonine and a tyrosine residue in

protein kinase subdomain of JNK. Although MKK7 specifically activates JNKs,

MKK4 can also activate p38 MAPKs. Downstream targets of JNKs include tran-

scription factors such as c-jun and FOXO4, nuclear hormone receptors such as

peroxisome proliferator-activated receptor-γ and the retinoic acid receptor,
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cytosolic proteins such as insulin receptor substrate-1 and the E3 ligase Itch, and

mitochondrial proteins of the Bcl-2 family such as Bad and Bim [13]. Therefore, it

is considered that JNKs mediate many nuclear, cytosolic, and mitochondrial

responses in developmental, physiological, and pathological conditions.

JNK1 and JNK2 are present in a wide variety of tissues, but JNK3 is primarily

expressed in neurons of the central and peripheral nervous system [14]. Knockout

mice in Jnk1, Jnk2, or Jnk3 survive without apparent structural abnormalities, and

Jnk1/Jnk3 or Jnk2/Jnk3 double-deficient mice also survive normally. However,

Jnk1/Jnk2 double deficiency leads the dysregulation of apoptosis in brain develop-

ment and then causes embryonic lethality, indicating that JNK1 and JNK2 play a

crucial role in the regulation of apoptosis during the CNS development [15]. In

further details, although Jnk1�/� mice survive normally, they show a considerable

reduction of the phosphorylation of microtubule-associated protein 2, the cytoskel-

etal protein, and exhibit axonal and dendritic degeneration in the brain [16]. JNK2

deficiency in mice did not show significant morphological changes but, neverthe-

less, caused impairment of long-term potentiation in the hippocampus during

development [17]. JNK3 knockout attenuates the activation of the proapoptotic

caspase cascade and leads to a strong resistance to cerebral hypoxic-ischemic injury

compared to wild-type mice [18].

In retinal explants, JNK activation caused by calcium overload can induce a

caspase-dependent apoptosis of photoreceptors by an increase of the BH3-only

protein BimEL, which is a proapoptotic Bcl-2 family member [19]. In addition,

Fernandes et al. [20] demonstrated that JNK signaling was activated in RGCs

following optic nerve crush in mice, and double deficiency of Jnk2 and Jnk3
strongly protected RGCs from axon injury-induced death. Dual leucine zipper

kinase identified by a high-throughput RNA interference screen has been shown

as a critical kinase for JNK activation and cell death in primary RGCs and a rodent

model of optic neuropathy. Furthermore, the small-molecule kinase inhibitor

tozasertib decreases the phosphorylation of MKK7 and JNK, which are the down-

stream targets of dual leucine zipper kinase, and then protects RGCs from exper-

imental glaucoma and traumatic optic neuropathy [21]. The D-form of JNK

inhibitor 1, a synthetic cell-permeable JNK pathway inhibitor, protected RGCs

from chronic ocular hypertension-induced [22] and N-methyl-D-aspartate (NMDA)-

induced neurodegeneration [23]. Agmatine, an endogenous polyamine synthesized

by the decarboxylation of L-arginine, suppresses the phosphorylation of JNK and

nuclear factor-kappa B, but not ERK1/2 and p38 MAPK, caused by hypoxic

damage and then protects RGC-5 cells from apoptotic death [24].

Increasing evidence supports that the JNK isoforms play important roles as

capable mediators of proapoptotic signaling events under developmental and path-

ological conditions [25, 13]. Therefore, it has been considered that isoform-specific

inhibitors for JNKs are beneficial for therapeutic use in neurodegenerative diseases

including glaucoma.
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3.1.3 p38 MAPK

The p38 MAPKα/β/γ/δ (MAPK14/11/12/13) are activated by MKK3 and MKK6

(Fig. 3.1). p38 MAPKγ is known as ERK6 and SAPK3, and p38 MAPKδ is also

termed as SAPK4. In addition to the MKK3 and MKK6, p38 MAPKs can also be

phosphorylated by MKK4, an upstream kinase of JNK, as shown in Fig. 3.1

depicting the cross talk between the p38 MAPK and the JNK pathways, and they

share a substantial proportion of substrates. Therefore, p38 MAPKs and JNKs are

often co-activated by the same upstream regulators and/or stresses and then dem-

onstrate the synergic regulation for the downstream targets [26, 27]. Many tran-

scription factors have been shown as downstream substrates of p38 MAPKs

including CCAAT/enhancer binding protein β (C/EBPβ), C/EBP homologous pro-

tein (CHOP), myocyte enhancer factors 2A and 2C, activating transcription factors

1, 2, and 6 (ATF1/2/6), and p53 [28]. Other substrates of p38 MAPKs are MAP

kinase-activated protein kinase 2 (MAPKAPK2 or MK2) and MSK-1.

MAPKAPK2 collaborates with p38 MAPKs for activating various substrates such

as heat shock protein 27 [29], tyrosine hydroxylase [30], cAMP response element-

binding protein (CREB), and ATF1 [31]. MSK-1 is activated by p38 MAPKs and

ERK1/2 and contributes to the activation of CREB [32].

Although p38 MAPKα is expressed ubiquitously in human tissues, p38 MAPKβ
is abundantly expressed in the brain. p38 MAPKγ and p38 MAPKδ are expressed at
high level in skeletal muscle and gland tissues, respectively [33]. Deficiency of p38
Mapkα results in embryonic lethality at E10.5–12.5 because of defective placental

development by abnormal angiogenesis in the embryo itself and the visceral yolk

sac [34]. Xing et al. [35] have reported that cortical neurons in coculture with

microglia isolated from p38 MAPKα conditional knockout mice were protected

from lipopolysaccharide-induced neurodegeneration. p38 MAPKα conditional

knockout microglia secreted much less tumor necrosis factor-α (TNF-α), the

pro-inflammatory cytokine, in response to lipopolysaccharide compared to wild-

type microglia. Beardmore et al. [36] demonstrated that p38 Mapkβ�/� mice were

viable and exhibit no obvious phenotype and concluded, with additional experi-

ments, that p38 MAPKα was the main isoform of p38 MAPKs contributing to the

immune response. Knockout mice in p38 Mapkγ, p38 Mapkδ, or p38 Mapkγ/δ were
also viable and fertile without apparent health problem [37]. In addition, the

knockout of p38 MAPKγ or p38 MAPKδ or both kinases did not alter the expres-

sion or the activity of the other isoforms.

p38 MAPKα in the nuclei of RGCs was activated after optic nerve transection

[38]. The maximum phosphorylation of p38 MAPKα was detected 1 day after

axotomy and then gradually decreased. Intravitreal administration of SB203580, an

inhibitor of p38 MAPKα and p38 MAPKβ, protected RGCs from axotomy-induced

cell death. Furthermore, the administration of MK801, an inhibitor of NMDA

receptor, increased the number of survived RGC and also decreased p38 MAPK

activation in a dose-dependent manner. This study indicated that RGC death

induced after optic nerve damage was mediated through NMDA receptor and
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then the p38 MAPK signaling pathway. Manabe et al. [39] reported that retinal

injury caused by intravitreal injection of NMDA increased the phosphorylation of

p38 MAPK and Akt in the ganglion cells and inner nuclear layers. Then, SB203580

rescued RGCs, whereas an inhibitor of the PI3K-Akt pathway, LY294002, exacer-

bated RGC death after NMDA injection. The authors concluded that the p38 MAPK

pathway is proapoptotic and the PI3K-Akt pathway is antiapoptotic in RGCs

against NMDA injury. Intravitreal injection of NMDA also upregulates thioredoxin

interacting protein, an endogenous inhibitor of thioredoxin, and decreases

thioredoxin activity [40]. Elevated thioredoxin interacting protein leads to the

increase of oxidative stress, release of inflammatory cytokines such as TNF-α and

IL-1β, and activation of the p38 MAPK and JNK pathways. In response to this

neurotoxicity, treatment with verapamil, a calcium channel blocker and an inhibitor

of thioredoxin interacting protein, attenuated these effects caused by the

upregulation of thioredoxin interacting protein. It has been reported that phosphor-

ylated p38 MAPK and JNK were detected in the nuclei of RGCs and amacrine cells

and phosphorylated ERK1/2 were found in Müller cells after retinal ischemia

induced by an elevation of intraocular pressure [41]. Inhibiting activation of p38

MAPK or ERK1/2, but not JNK, markedly protected retinal cells and restored

retinal function from ischemic damage in the retina.

As described above, p38 MAPKs are considered as proapoptotic kinases of

neurons and some other cell types in many cases. However, p38 MAPK is activated

by the induction of ischemic tolerance, which is a phenomenon that a brief ischemia

reduces the lethal damage of subsequent prolonged ischemia, in the gerbil hippo-

campus, and SB203580 attenuates the ischemic tolerance effect [42]. Intravitreal

injection of bFGF shows the neuroprotective effect by elevating phosphorylated

p38 MAPK, ERK1/2, and CREB in Müller glia against an NMDA-induced retinal

damage [43]. Thus, the roles of p38 MAPKs in neurodegeneration or protection are

highly dependent on stimuli, cell types, and other conditions.

3.1.4 ERK5

ERK5 (MAPK7) is activated in response to growth factors including epidermal

growth factor, NGF, and BDNF, oxidative stress, and cytokines via the dual

phosphorylation at threonine and tyrosine of its TEY sequence by MEK5

(Fig. 3.1). MEK5 is the only identified upstream kinase of ERK5 at present

[44]. ERK5 is also known as a big MAPK (BMK) named due to a high molecular

weight (a predicted molecular mass of 98 kDa) compared to ERK1/2 [45]. Sub-

strates of ERK5 are serum- and glucocorticoid-inducible kinase (SGK) and the

transcription factors such as c-Myc, c-Fos, NF-κB, Sap1a, CREB, and the family of

the myocyte enhancer factor 2 (MEF2A, MEF2C, and MEF2D) [46]. Since inhib-

itors of MEK1/2 such as U0126 and PD98056, which have been used as specific

inhibitors for MEK1/2, can also inhibit MEK5, data using these inhibitors should be

reconsidered with a role of the MEK5-ERK5 pathway [47].
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Deficiency of Erk5 results in embryonic lethality at days 9.5–10.5 because of

severe defects of cardiovascular development and angiogenesis [48], whereas

neuron-specific knockout of Erk5 shows normal development in two different

transgenic lines of mice [49]. On the other hand, the expression of a dominant-

negative form of ERK5 blocked the protective effect of BDNF from serum

withdrawal-induced apoptosis in primary rat embryonic cortical neurons

[50]. Thus, it has been considered that the ERK5 signaling pathway contributes to

at least the neurotrophin-mediated neuroprotective effect.

The phosphorylation of ERK5 is increased in dorsal root ganglion neurons in

response to peripheral inflammation, suggesting that ERK5 may contribute to the

development of inflammatory pain [51]. Watson et al. [52] demonstrated that a

retrogradely transported TrkA signal initiated by NGF at distal axons activated

ERK5 at the cell bodies of dorsal root ganglion neurons, induced nuclear translo-

cation of ERK5 and the phosphorylation of CREB, and promoted neuron survival.

Wu et al. [53] demonstrated that the knockdown of Erk5 by siRNA increased

VEGF expression and angiogenesis and constitutively active MEK5 adenovirus

causing sustained ERK5 activation decreased VEGF expression in glucose-exposed

human microvascular endothelial cells. In addition, the reduction of ERK5 protein

and increase of VEGF mRNA were found in the retinas of streptozotocin-induced

diabetic rats. It has also been reported that increased fibronectin production, one of

the characteristic features of diabetic retinopathy, decreased ERK5 expression in

the retinae of diabetic rats [54]. In experimental glaucoma with chronic intraocular

pressure elevation, only Brn3a among three Brn3 proteins, Brn3a, b, and c, showed

a significant reduction with severe nerve damage, and the expression of Erk5
mRNA, but not Erk1/2 mRNA, demonstrated a positive correlation with a severity

of optic nerve damage [55]. These studies indicate that ERK5 may perform

important roles in the retina under pathological conditions such as diabetic retinop-

athy and glaucoma. However, further investigations have been required to define

the roles of ERK5 in the retina and RGCs under physiological and pathological

conditions.

3.2 PI3K-Akt Pathway

Akt is a 57 kDa serine/threonine kinase and activated by PI3K. Akt1, 2, and 3 are

also known as protein kinase B (PKB) α, β, and γ, respectively. A catalytic domain

of Akt/PKB is considerably similar to protein kinases A and C. Akt1/PKBα and

Akt2/PKBβ are ubiquitously expressed with various extents, whereas Akt3/PKBγ is
more restricted to the brain and testis [56]. Akt is rapidly activated by various

growth factors such as platelet-derived growth factor (PDGF), epidermal growth

factor, bFGF, insulin, and NGF. Then, Akt activation stimulated by the growth

factor is inhibited by a PI3K inhibitor such as wortmannin and by a dominant-

negative form of PI3K [57]. However, PI3K does not directly activate Akt. PI3K

phosphorylates membrane phospholipids such as phosphatidylinositol 4-phosphate
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(PtdIns(4)P) and phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2), thereby

producing phosphatidylinositol 3,4-bisphosphate (PtdIns(3,4)P2) and phosphatidy-

linositol 3,4,5-trisphosphate (PtdIns(3,4,5)P3). The binding of the pleckstrin

homology (PH) domain of Akt to PtdIns(3,4)P2 and/or PtdIns(3,4,5)P3 is the driving

force to recruit Akt to the plasma membrane [58]. Akt has two major phosphory-

lation sites at Thr308 in the kinase domain and Ser473 in the carboxy-terminal

tail. These phosphorylation sites are phosphorylated by distinct kinases.

Phosphoinositide-dependent protein kinase 1 (PDK1) is responsible for the phos-

phorylation of Thr308 [59], and Akt at Ser473 is phosphorylated by the mammalian

target of rapamycin (mTOR) complex 2 [60, 61], referred to as PDK2 (Fig. 3.2). On

the one hand, the phosphatase and tensin homologue deleted on chromosome ten

(PTEN) negatively regulates the PI3K-Akt pathway by dephosphorylating PtdIns

(3,4,5)P3 to PtdIns(4,5)P2 [62, 63].

It has been reported that elevated intracellular cAMP by pharmacological

reagent like forskolin can activate Akt, whereas this effect was not blocked by

the PI3K inhibitor wortmannin [64]. Wortmannin also did not prevent heat-shock-

induced Akt activation [65]. Thus, while the activation of PI3K is still considered as
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Fig. 3.2 A schematic model for the classic Akt pathway and its substrates (see text for details).

RTK receptor tyrosine kinase, PI3K phosphatidylinositol 3-kinase, PIP2 PtdIns(4,5)P2, PIP3
PtdIns(3,4,5)P3, PDK1 phosphoinositide-dependent protein kinase 1, GSK3β glycogen synthase

kinase 3β, IKK inhibitor of κB kinase, FKHR forkhead transcription factor, mTORC2 mammalian

target of rapamycin complex 2
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the main factor for Akt activation, several alternative pathways stimulating Akt

may exist.

Studies in Akt knockout mice have shown the various important roles of Akt in

mammals. Deficiency of Akt2 induced severe insulin resistance and diabetes

[66]. Insulin action, which stimulates glucose uptake in muscle, fat, and several

other tissues, was markedly decreased, resulting in the attenuation of whole-body

glucose disposal. In contrast to Akt2 knockout mice, Akt1 knockout mice were

normal with insulin-dependent glucose metabolism. However, these mice demon-

strated embryonic and postnatal defects in growth, and then this defect was

sustained in adulthood [67]. In addition, deficiency of Akt1 increased neonatal

mortality and shortened life span [68]. Akt1/Akt2 double-knockout neonates were

severely growth deficient with about a half of a birth weight of their wild-type or

double-heterozygous littermates. These mice died shortly after birth with impaired

skin development, skeletal muscle atrophy, and delayed bone development [69]. On

the other hand, Akt3-deficient mice exhibited normal growth and glucose metabo-

lism. However, brain size and weight of adult Akt3�/� mice were markedly

decreased by approximately 25 % because of cell size and cell number, suggesting

a critical role of Akt3 in postnatal brain development of mammals [70]. It has been

reported that Akt1/Akt3 double-knockout mice were embryonic lethal and the

lethality could be attributed to placental insufficiency, cardiovascular anomalies,

and impaired nervous system development [71].

Akt regulates a variety of biological functions [56] such as glucose and glycogen

metabolisms [72], angiogenesis [73], cell cycle [74], and also cell survival. Since

this chapter focuses on intracellular signaling pathways of degeneration and pro-

tection, the following section describes about the roles of Akt in cell survival. Akt

has numerous downstream substrates related to apoptosis and survival, for instance,

glycogen synthase kinase 3β (GSK3β), inhibitor of κB kinase (IKK), forkhead

transcription factor (FKHR), and the Bcl-2 family protein Bad.

Akt inactivates GSK3β by phosphorylating it at Ser9. GSK3β contributes to the

regulation of glycogen synthesis [75] and the canonical Wnt signaling pathway in

phosphorylating β-catenin [76]. β-Catenin phosphorylated by GSK3β is degraded

by ubiquitin-proteasome system, but non-phosphorylated β-catenin acts as a tran-

scription factor and plays key roles in cell survival [77]. Endo et al. [78] demon-

strated that activated Akt markedly phosphorylated/inactivated GSK3β in the

hippocampus after transient global cerebral ischemia and the inhibition of the

Akt/GSK3β signaling pathway by a PI3K inhibitor facilitated ischemic injury.

Then, the authors conclude that the activation of the Akt/GSK3β pathway may

regulate the survival of vulnerable neurons after ischemia. It has also been reported

that PDGF-CC, one of the PDGF family members, protects cortical neurons from

middle cerebral artery occlusion-induced ischemic injury and rescues RGCs from

optic nerve crush or intravitreal injection of NMDA-induced neuronal death

[79]. This study mechanistically showed that PDGF-CC induced the phosphoryla-

tion of GSK3β at Ser9 with significant Akt activation.

In response to stress signals such as oxidative stress and endoplasmic reticulum

stress, apoptosis signal-regulating kinase 1 (ASK1) can initiate the JNK-dependent
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proapoptotic signaling. Puckett et al. [80] have shown that insulin-like growth

factor 1 (IGF-1) induced ASK1 inactivation by phosphorylating it at Ser967 with

Akt activation. This process was mediated by Akt-activated IKK forming a com-

plex with and phosphorylating ASK1 at Ser967, suggesting that the Akt/IKK

pathway can counteract stress signal initiated by the ASK1/JNK proapoptotic

pathway.

It has been reported that advanced glycation end product or TNF-α induced

apoptosis in human retinal pericytes through the activation of the proapoptotic

transcription factor FKHR via p38MAPK and JNK [81]. In this study, Akt inhibitor

facilitated the FKHR-mediated apoptosis in the retina. In addition, the Akt survival

signal inactivating FKHR was inhibited by PTEN activation during the photore-

ceptor cell death in the rd mouse strain, the well-characterized animal model of

retinitis pigmentosa [82]. These studies indicate the importance of the Akt/FKHR

pathway in retinal cell survival.

Akt inhibits the mitochondrion-mediated proapoptotic function of Bad by phos-

phorylating it [83]. RGCs of goldfish can regenerate after optic nerve injury.

Koriyama et al. [84] have demonstrated that IGF-1 was upregulated 2–3 days

after optic nerve injury and then Akt activity and phosphorylation of Bad were

increased. Subsequently, an increased level of Bcl-2 and reduced activity of caspase

3 were observed. In addition, IGF-1 induced Akt phosphorylation and neurite

growth in cultured goldfish retina. In contrast to goldfish, rat RGCs die by apoptosis

after optic nerve injury. The level of IGF-1 in the retina was decreased 1–2 days

prior to the parallel decrease of phosphorylations of Akt and Bad by optic nerve

injury. The administration of IGF-1 induced Akt phosphorylation and improved

RGC survival in vitro and in vivo [85]. In the rat glaucoma model with chronic

elevation of intraocular pressure, the phosphorylation levels of Akt, Bad, and

CREB in the retina were simultaneously increased 1 week after the injury and

decreased thereafter compared to normal intraocular pressure control, suggesting

important roles of Akt at the early stage of injury in control of cell death or survival

[86]. Furthermore, advanced glycation products caused cell death in rat retinal

tissue cultures, primary neuron cultures, and retinal neuron cell lines (R28). Eryth-

ropoietin protected these retinal cells by enhancing Bad phosphorylation and Bcl-xl

expression and reducing Bax expression via ERK- and Akt-dependent signaling

pathways [87]. In addition, the Ser473 kinase for Akt mTOR complex 2 is also

indirectly regulated by Akt [60, 61] (Fig. 3.2) and contributes to cell survival. Nitric

oxide can protect neurons from apoptosis through the PI3K-Akt pathway [88]. In

cultured retinal neurons, Akt phosphorylation at Thr308 and Ser473 induced by the

nitric oxide donor S-nitroso-N-acetylpenicillamine was blocked by the mTOR

inhibitor KU0063794, indicating the participation of the mTOR complex 2 in the

antiapoptotic PI3K-Akt process [89].

As described above, Akt mediates antiapoptotic processes via various molecules

and performs crucial roles in not only neuroprotection but also other biological

functions such as glucose metabolism, development, and cell fate in neurons and

other types of cells.

3 Classical Signaling Pathways 35



Acknowledgments This work was supported by Grant-in-Aid for Scientific Research C

24500441 from Japan Society for the Promotion of Science.

References

1. Ring AY, Sours KM, Lee T, Ahn NG (2011) Distinct patterns of activation-dependent changes

in conformational mobility between ERK1 and ERK2. Int J Mass Spectrom 302

(1–3):101–109. doi:10.1016/j.ijms.2010.08.020

2. Steelman LS, Chappell WH, Abrams SL, Kempf RC, Long J, Laidler P, Mijatovic S,

Maksimovic-Ivanic D, Stivala F, Mazzarino MC, Donia M, Fagone P, Malaponte G,

Nicoletti F, Libra M, Milella M, Tafuri A, Bonati A, Basecke J, Cocco L, Evangelisti C,

Martelli AM, Montalto G, Cervello M, McCubrey JA (2011) Roles of the Raf/MEK/ERK and

PI3K/PTEN/Akt/mTOR pathways in controlling growth and sensitivity to therapy-

implications for cancer and aging. Aging 3(3):192–222

3. Yoshii A, Constantine-Paton M (2010) Postsynaptic BDNF-TrkB signaling in synapse matu-

ration, plasticity, and disease. Dev Neurobiol 70(5):304–322. doi:10.1002/dneu.20765

4. Nakazawa T, Tamai M, Mori N (2002) Brain-derived neurotrophic factor prevents axotomized

retinal ganglion cell death through MAPK and PI3K signaling pathways. Invest Ophthalmol

Vis Sci 43(10):3319–3326

5. Ghaffariyeh A, Honarpisheh N, Shakiba Y, Puyan S, Chamacham T, Zahedi F, Zarrineghbal M

(2009) Brain-derived neurotrophic factor in patients with normal-tension glaucoma. Optom-

etry 80(11):635–638. doi:10.1016/j.optm.2008.09.014

6. Jang SW, Liu X, Yepes M, Shepherd KR, Miller GW, Liu Y, Wilson WD, Xiao G, Blanchi B,

Sun YE, Ye K (2010) A selective TrkB agonist with potent neurotrophic activities by

7,8-dihydroxyflavone. Proc Natl Acad Sci U S A 107(6):2687–2692. doi:10.1073/pnas.

0913572107

7. Gupta VK, You Y, Li JC, Klistorner A, Graham SL (2013) Protective effects of

7,8-dihydroxyflavone on retinal ganglion and RGC-5 cells against excitotoxic and oxidative

stress. J Mol Neurosci 49(1):96–104. doi:10.1007/s12031-012-9899-x

8. Zhou Y, Pernet V, Hauswirth WW, Di Polo A (2005) Activation of the extracellular signal-

regulated kinase 1/2 pathway by AAV gene transfer protects retinal ganglion cells in glau-

coma. Mol Ther 12(3):402–412. doi:10.1016/j.ymthe.2005.04.004

9. Diem R, Hobom M, Maier K, Weissert R, Storch MK, Meyer R, Bahr M (2003) Methylpred-

nisolone increases neuronal apoptosis during autoimmune CNS inflammation by inhibition of

an endogenous neuroprotective pathway. J Neurosci 23(18):6993–7000

10. Perron JC, Bixby JL (1999) Distinct neurite outgrowth signaling pathways converge on ERK

activation. Mol Cell Neurosci 13(5):362–378. doi:10.1006/mcne.1999.0753

11. Webber CA, Chen YY, Hehr CL, Johnston J, McFarlane S (2005) Multiple signaling pathways

regulate FGF-2-induced retinal ganglion cell neurite extension and growth cone guidance. Mol

Cell Neurosci 30(1):37–47. doi:10.1016/j.mcn.2005.05.005

12. Thelen K, Maier B, Faber M, Albrecht C, Fischer P, Pollerberg GE (2012) Translation of the

cell adhesion molecule ALCAM in axonal growth cones: regulation and functional impor-

tance. J Cell Sci 125(Pt 4):1003–1014. doi:10.1242/jcs.096149

13. Bogoyevitch MA (2006) The isoform-specific functions of the c-Jun N-terminal Kinases

(JNKs): differences revealed by gene targeting. BioEssays 28(9):923–934. doi:10.1002/bies.

20458

14. Martin JH, Mohit AA, Miller CA (1996) Developmental expression in the mouse nervous

system of the p493F12 SAP kinase. Brain Res Mol Brain Res 35(1–2):47–57

36 H. Hayashi

http://dx.doi.org/10.1016/j.ijms.2010.08.020
http://dx.doi.org/10.1002/dneu.20765
http://dx.doi.org/10.1016/j.optm.2008.09.014
http://dx.doi.org/10.1073/pnas.0913572107
http://dx.doi.org/10.1073/pnas.0913572107
http://dx.doi.org/10.1007/s12031-012-9899-x
http://dx.doi.org/10.1016/j.ymthe.2005.04.004
http://dx.doi.org/10.1006/mcne.1999.0753
http://dx.doi.org/10.1016/j.mcn.2005.05.005
http://dx.doi.org/10.1242/jcs.096149
http://dx.doi.org/10.1002/bies.20458
http://dx.doi.org/10.1002/bies.20458


15. Kuan CY, Yang DD, Samanta Roy DR, Davis RJ, Rakic P, Flavell RA (1999) The Jnk1 and

Jnk2 protein kinases are required for regional specific apoptosis during early brain develop-

ment. Neuron 22(4):667–676

16. Chang L, Jones Y, Ellisman MH, Goldstein LS, Karin M (2003) JNK1 is required for

maintenance of neuronal microtubules and controls phosphorylation of microtubule-associated

proteins. Dev Cell 4(4):521–533

17. Chen JT, Lu DH, Chia CP, Ruan DY, Sabapathy K, Xiao ZC (2005) Impaired long-term

potentiation in c-Jun N-terminal kinase 2-deficient mice. J Neurochem 93(2):463–473. doi:10.

1111/j.1471-4159.2005.03037.x

18. Pirianov G, Brywe KG, Mallard C, Edwards AD, Flavell RA, Hagberg H, Mehmet H (2007)

Deletion of the c-Jun N-terminal kinase 3 gene protects neonatal mice against cerebral

hypoxic-ischaemic injury. J Cereb Blood Flow Metab 27(5):1022–1032. doi:10.1038/sj.

jcbfm.9600413

19. Donovan M, Doonan F, Cotter TG (2011) Differential roles of ERK1/2 and JNK in retinal

development and degeneration. J Neurochem 116(1):33–42. doi:10.1111/j.1471-4159.2010.

07056.x

20. Fernandes KA, Harder JM, Fornarola LB, Freeman RS, Clark AF, Pang IH, John SW, Libby

RT (2012) JNK2 and JNK3 are major regulators of axonal injury-induced retinal ganglion cell

death. Neurobiol Dis 46(2):393–401. doi:10.1016/j.nbd.2012.02.003

21. Welsbie DS, Yang Z, Ge Y, Mitchell KL, Zhou X, Martin SE, Berlinicke CA, Hackler L Jr,

Fuller J, Fu J, Cao LH, Han B, Auld D, Xue T, Hirai S, Germain L, Simard-Bisson C, Blouin R,

Nguyen JV, Davis CH, Enke RA, Boye SL, Merbs SL, Marsh-Armstrong N, Hauswirth WW,

DiAntonio A, Nickells RW, Inglese J, Hanes J, Yau KW, Quigley HA, Zack DJ (2013)

Functional genomic screening identifies dual leucine zipper kinase as a key mediator of retinal

ganglion cell death. Proc Natl Acad Sci U S A 110(10):4045–4050. doi:10.1073/pnas.

1211284110

22. Yang X, Luo C, Cai J, PierceWM, Tezel G (2008) Phosphorylation-dependent interaction with

14-3-3 in the regulation of bad trafficking in retinal ganglion cells. Invest Ophthalmol Vis Sci

49(6):2483–2494. doi:10.1167/iovs.07-1344

23. Bessero AC, Chiodini F, Rungger-Brandle E, Bonny C, Clarke PG (2010) Role of the c-Jun

N-terminal kinase pathway in retinal excitotoxicity, and neuroprotection by its inhibition. J

Neurochem 113(5):1307–1318. doi:10.1111/j.1471-4159.2010.06705.x

24. Hong S, Lee JE, Kim CY, Seong GJ (2007) Agmatine protects retinal ganglion cells from

hypoxia-induced apoptosis in transformed rat retinal ganglion cell line. BMC Neurosci 8:81.

doi:10.1186/1471-2202-8-81

25. Xia Z, Dickens M, Raingeaud J, Davis RJ, Greenberg ME (1995) Opposing effects of ERK and

JNK-p38 MAP kinases on apoptosis. Science 270(5240):1326–1331

26. Llopis A, Salvador N, Ercilla A, Guaita-Esteruelas S, Barrantes Idel B, Gupta J, Gaestel M,

Davis RJ, Nebreda AR, Agell N (2012) The stress-activated protein kinases p38alpha/beta and

JNK1/2 cooperate with Chk1 to inhibit mitotic entry upon DNA replication arrest. Cell Cycle

11(19):3627–3637. doi:10.4161/cc.21917

27. Al-Gayyar MM, Mysona BA, Matragoon S, Abdelsaid MA, El-Azab MF, Shanab AY, Ha Y,

Smith SB, Bollinger KE, El-Remessy AB (2013) Diabetes and overexpression of proNGF

cause retinal neurodegeneration via activation of RhoA pathway. PLoS One 8(1):e54692.

doi:10.1371/journal.pone.0054692

28. Zarubin T, Han J (2005) Activation and signaling of the p38 MAP kinase pathway. Cell Res 15

(1):11–18. doi:10.1038/sj.cr.7290257

29. Stokoe D, Engel K, Campbell DG, Cohen P, Gaestel M (1992) Identification of MAPKAP

kinase 2 as a major enzyme responsible for the phosphorylation of the small mammalian heat

shock proteins. FEBS Lett 313(3):307–313

30. Thomas G, Haavik J, Cohen P (1997) Participation of a stress-activated protein kinase cascade

in the activation of tyrosine hydroxylase in chromaffin cells. Eur J Biochem 247(3):1180–1189

3 Classical Signaling Pathways 37

http://dx.doi.org/10.1111/j.1471-4159.2005.03037.x
http://dx.doi.org/10.1111/j.1471-4159.2005.03037.x
http://dx.doi.org/10.1038/sj.jcbfm.9600413
http://dx.doi.org/10.1038/sj.jcbfm.9600413
http://dx.doi.org/10.1111/j.1471-4159.2010.07056.x
http://dx.doi.org/10.1111/j.1471-4159.2010.07056.x
http://dx.doi.org/10.1016/j.nbd.2012.02.003
http://dx.doi.org/10.1073/pnas.1211284110
http://dx.doi.org/10.1073/pnas.1211284110
http://dx.doi.org/10.1167/iovs.07-1344
http://dx.doi.org/10.1111/j.1471-4159.2010.06705.x
http://dx.doi.org/10.1186/1471-2202-8-81
http://dx.doi.org/10.4161/cc.21917
http://dx.doi.org/10.1371/journal.pone.0054692
http://dx.doi.org/10.1038/sj.cr.7290257


31. Tan Y, Rouse J, Zhang A, Cariati S, Cohen P, Comb MJ (1996) FGF and stress regulate CREB

and ATF-1 via a pathway involving p38 MAP kinase and MAPKAP kinase-2. EMBO J 15

(17):4629–4642

32. Deak M, Clifton AD, Lucocq LM, Alessi DR (1998) Mitogen- and stress-activated protein

kinase-1 (MSK1) is directly activated by MAPK and SAPK2/p38, and may mediate activation

of CREB. EMBO J 17(15):4426–4441. doi:10.1093/emboj/17.15.4426

33. Wang XS, Diener K, Manthey CL, Wang S, Rosenzweig B, Bray J, Delaney J, Cole CN, Chan-

Hui PY, Mantlo N, Lichenstein HS, Zukowski M, Yao Z (1997) Molecular cloning and

characterization of a novel p38 mitogen-activated protein kinase. J Biol Chem 272

(38):23668–23674

34. Mudgett JS, Ding J, Guh-Siesel L, Chartrain NA, Yang L, Gopal S, Shen MM (2000) Essential

role for p38alpha mitogen-activated protein kinase in placental angiogenesis. Proc Natl Acad

Sci U S A 97(19):10454–10459. doi:10.1073/pnas.180316397

35. Xing B, Bachstetter AD, Van Eldik LJ (2011) Microglial p38alpha MAPK is critical for

LPS-induced neuron degeneration, through a mechanism involving TNFalpha. Mol

Neurodegener 6:84. doi:10.1186/1750-1326-6-84

36. Beardmore VA, Hinton HJ, Eftychi C, Apostolaki M, Armaka M, Darragh J, McIlrath J, Carr

JM, Armit LJ, Clacher C, Malone L, Kollias G, Arthur JS (2005) Generation and character-

ization of p38beta (MAPK11) gene-targeted mice. Mol Cell Biol 25(23):10454–10464. doi:10.

1128/MCB.25.23.10454-10464.2005

37. Sabio G, Arthur JS, Kuma Y, Peggie M, Carr J, Murray-Tait V, Centeno F, Goedert M,

Morrice NA, Cuenda A (2005) p38gamma regulates the localisation of SAP97 in the cyto-

skeleton by modulating its interaction with GKAP. EMBO J 24(6):1134–1145. doi:10.1038/sj.

emboj.7600578

38. Kikuchi M, Tenneti L, Lipton SA (2000) Role of p38 mitogen-activated protein kinase in

axotomy-induced apoptosis of rat retinal ganglion cells. J Neurosci 20(13):5037–5044

39. Manabe S, Lipton SA (2003) Divergent NMDA signals leading to proapoptotic and

antiapoptotic pathways in the rat retina. Invest Ophthalmol Vis Sci 44(1):385–392

40. Al-Gayyar MM, Abdelsaid MA, Matragoon S, Pillai BA, El-Remessy AB (2011) Thioredoxin

interacting protein is a novel mediator of retinal inflammation and neurotoxicity. Br J

Pharmacol 164(1):170–180. doi:10.1111/j.1476-5381.2011.01336.x

41. Roth S, Shaikh AR, Hennelly MM, Li Q, Bindokas V, Graham CE (2003) Mitogen-activated

protein kinases and retinal ischemia. Invest Ophthalmol Vis Sci 44(12):5383–5395

42. Nishimura M, Sugino T, Nozaki K, Takagi Y, Hattori I, Hayashi J, Hashimoto N, Moriguchi T,

Nishida E (2003) Activation of p38 kinase in the gerbil hippocampus showing ischemic

tolerance. J Cereb Blood Flow Metab 23(9):1052–1059. doi:10.1097/01.WCB.0000084251.

20114.65

43. Fischer AJ, Scott MA, Ritchey ER, Sherwood P (2009) Mitogen-activated protein kinase-

signaling regulates the ability of Muller glia to proliferate and protect retinal neurons against

excitotoxicity. Glia 57(14):1538–1552. doi:10.1002/glia.20868

44. Drew BA, Burow ME, Beckman BS (2012) MEK5/ERK5 pathway: the first fifteen years.

Biochim Biophys Acta 1825(1):37–48. doi:10.1016/j.bbcan.2011.10.002

45. Lee JD, Ulevitch RJ, Han J (1995) Primary structure of BMK1: a new mammalian map kinase.

Biochem Biophys Res Commun 213(2):715–724

46. Plotnikov A, Zehorai E, Procaccia S, Seger R (2011) The MAPK cascades: signaling compo-

nents, nuclear roles and mechanisms of nuclear translocation. Biochim Biophys Acta 1813

(9):1619–1633. doi:10.1016/j.bbamcr.2010.12.012

47. Kamakura S, Moriguchi T, Nishida E (1999) Activation of the protein kinase ERK5/BMK1 by

receptor tyrosine kinases. Identification and characterization of a signaling pathway to the

nucleus. J Biol Chem 274(37):26563–26571

48. Regan CP, Li W, Boucher DM, Spatz S, Su MS, Kuida K (2002) Erk5 null mice display

multiple extraembryonic vascular and embryonic cardiovascular defects. Proc Natl Acad Sci U

S A 99(14):9248–9253. doi:10.1073/pnas.142293999

38 H. Hayashi

http://dx.doi.org/10.1093/emboj/17.15.4426
http://dx.doi.org/10.1073/pnas.180316397
http://dx.doi.org/10.1186/1750-1326-6-84
http://dx.doi.org/10.1128/MCB.25.23.10454-10464.2005
http://dx.doi.org/10.1128/MCB.25.23.10454-10464.2005
http://dx.doi.org/10.1038/sj.emboj.7600578
http://dx.doi.org/10.1038/sj.emboj.7600578
http://dx.doi.org/10.1111/j.1476-5381.2011.01336.x
http://dx.doi.org/10.1097/01.WCB.0000084251.20114.65
http://dx.doi.org/10.1097/01.WCB.0000084251.20114.65
http://dx.doi.org/10.1002/glia.20868
http://dx.doi.org/10.1016/j.bbcan.2011.10.002
http://dx.doi.org/10.1016/j.bbamcr.2010.12.012
http://dx.doi.org/10.1073/pnas.142293999


49. Hayashi M, Lee JD (2004) Role of the BMK1/ERK5 signaling pathway: lessons from

knockout mice. J Mol Med 82(12):800–808. doi:10.1007/s00109-004-0602-8

50. Liu L, Cavanaugh JE, Wang Y, Sakagami H, Mao Z, Xia Z (2003) ERK5 activation of MEF2-

mediated gene expression plays a critical role in BDNF-promoted survival of developing but

not mature cortical neurons. Proc Natl Acad Sci U S A 100(14):8532–8537. doi:10.1073/pnas.

1332804100

51. Katsura H, Obata K, Mizushima T, Sakurai J, Kobayashi K, Yamanaka H, Dai Y, Fukuoka T,

Sakagami M, Noguchi K (2007) Activation of extracellular signal-regulated protein kinases

5 in primary afferent neurons contributes to heat and cold hyperalgesia after inflammation. J

Neurochem 102(5):1614–1624. doi:10.1111/j.1471-4159.2007.04698.x

52. Watson FL, Heerssen HM, Bhattacharyya A, Klesse L, Lin MZ, Segal RA (2001)

Neurotrophins use the Erk5 pathway to mediate a retrograde survival response. Nat Neurosci

4(10):981–988. doi:10.1038/nn720

53. Wu Y, Zuo Y, Chakrabarti R, Feng B, Chen S, Chakrabarti S (2010) ERK5 contributes to

VEGF alteration in diabetic retinopathy. J Ophthalmol 2010:465824. doi:10.1155/2010/

465824

54. Wu Y, Feng B, Chen S, Chakrabarti S (2012) ERK5 regulates glucose-induced increased

fibronectin production in the endothelial cells and in the retina in diabetes. Invest Ophthalmol

Vis Sci 53(13):8405–8413. doi:10.1167/iovs.12-10553

55. Guo Y, Johnson E, Cepurna W, Jia L, Dyck J, Morrison JC (2009) Does elevated intraocular

pressure reduce retinal TRKB-mediated survival signaling in experimental glaucoma? Exp

Eye Res 89(6):921–933. doi:10.1016/j.exer.2009.08.003

56. Coffer PJ, Jin J, Woodgett JR (1998) Protein kinase B (c-Akt): a multifunctional mediator of

phosphatidylinositol 3-kinase activation. Biochem J 335(Pt 1):1–13

57. Marte BM, Downward J (1997) PKB/Akt: connecting phosphoinositide 3-kinase to cell

survival and beyond. Trends Biochem Sci 22(9):355–358

58. Franke TF, Kaplan DR, Cantley LC, Toker A (1997) Direct regulation of the Akt proto-

oncogene product by phosphatidylinositol-3,4-bisphosphate. Science 275(5300):665–668

59. Alessi DR, James SR, Downes CP, Holmes AB, Gaffney PR, Reese CB, Cohen P (1997)

Characterization of a 3-phosphoinositide-dependent protein kinase which phosphorylates and

activates protein kinase Balpha. Current Biol 7(4):261–269

60. Sarbassov DD, Guertin DA, Ali SM, Sabatini DM (2005) Phosphorylation and regulation of

Akt/PKB by the rictor-mTOR complex. Science 307(5712):1098–1101. doi:10.1126/science.

1106148

61. Hresko RC, Mueckler M (2005) mTOR.RICTOR is the Ser473 kinase for Akt/protein kinase B

in 3T3-L1 adipocytes. J Biol Chem 280(49):40406–40416. doi:10.1074/jbc.M508361200

62. Cantley LC, Neel BG (1999) New insights into tumor suppression: PTEN suppresses tumor

formation by restraining the phosphoinositide 3-kinase/AKT pathway. Proc Natl Acad Sci U S

A 96(8):4240–4245

63. McCubrey JA, Steelman LS, Kempf CR, Chappell WH, Abrams SL, Stivala F, Malaponte G,

Nicoletti F, Libra M, Basecke J, Maksimovic-Ivanic D, Mijatovic S, Montalto G, Cervello M,

Cocco L, Martelli AM (2011) Therapeutic resistance resulting from mutations in Raf/MEK/

ERK and PI3K/PTEN/Akt/mTOR signaling pathways. J Cell Physiol 226(11):2762–2781.

doi:10.1002/jcp.22647

64. Sable CL, Filippa N, Hemmings B, Van Obberghen E (1997) cAMP stimulates protein kinase

B in a Wortmannin-insensitive manner. FEBS Lett 409(2):253–257

65. Konishi H, Matsuzaki H, Tanaka M, Ono Y, Tokunaga C, Kuroda S, Kikkawa U (1996)

Activation of RAC-protein kinase by heat shock and hyperosmolarity stress through a pathway

independent of phosphatidylinositol 3-kinase. Proc Natl Acad Sci U S A 93(15):7639–7643

66. Cho H, Mu J, Kim JK, Thorvaldsen JL, Chu Q, Crenshaw EB 3rd, Kaestner KH, Bartolomei

MS, Shulman GI, Birnbaum MJ (2001) Insulin resistance and a diabetes mellitus-like syn-

drome in mice lacking the protein kinase Akt2 (PKB beta). Science 292(5522):1728–1731.

doi:10.1126/science.292.5522.1728

3 Classical Signaling Pathways 39

http://dx.doi.org/10.1007/s00109-004-0602-8
http://dx.doi.org/10.1073/pnas.1332804100
http://dx.doi.org/10.1073/pnas.1332804100
http://dx.doi.org/10.1111/j.1471-4159.2007.04698.x
http://dx.doi.org/10.1038/nn720
http://dx.doi.org/10.1155/2010/465824
http://dx.doi.org/10.1155/2010/465824
http://dx.doi.org/10.1167/iovs.12-10553
http://dx.doi.org/10.1016/j.exer.2009.08.003
http://dx.doi.org/10.1126/science.1106148
http://dx.doi.org/10.1126/science.1106148
http://dx.doi.org/10.1074/jbc.M508361200
http://dx.doi.org/10.1002/jcp.22647
http://dx.doi.org/10.1126/science.292.5522.1728


67. Cho H, Thorvaldsen JL, Chu Q, Feng F, Birnbaum MJ (2001) Akt1/PKBalpha is required for

normal growth but dispensable for maintenance of glucose homeostasis in mice. J Biol Chem

276(42):38349–38352. doi:10.1074/jbc.C100462200

68. Chen WS, Xu PZ, Gottlob K, Chen ML, Sokol K, Shiyanova T, Roninson I, Weng W,

Suzuki R, Tobe K, Kadowaki T, Hay N (2001) Growth retardation and increased apoptosis

in mice with homozygous disruption of the Akt1 gene. Genes Dev 15(17):2203–2208. doi:10.

1101/gad.913901

69. Peng XD, Xu PZ, Chen ML, Hahn-Windgassen A, Skeen J, Jacobs J, Sundararajan D, Chen

WS, Crawford SE, Coleman KG, Hay N (2003) Dwarfism, impaired skin development,

skeletal muscle atrophy, delayed bone development, and impeded adipogenesis in mice

lacking Akt1 and Akt2. Genes Dev 17(11):1352–1365. doi:10.1101/gad.1089403

70. Tschopp O, Yang ZZ, Brodbeck D, Dummler BA, Hemmings-Mieszczak M, Watanabe T,

Michaelis T, Frahm J, Hemmings BA (2005) Essential role of protein kinase B gamma (PKB

gamma/Akt3) in postnatal brain development but not in glucose homeostasis. Development

132(13):2943–2954. doi:10.1242/dev.01864

71. Yang ZZ, Tschopp O, Di-Poi N, Bruder E, Baudry A, Dummler B, Wahli W, Hemmings BA

(2005) Dosage-dependent effects of Akt1/protein kinase Balpha (PKBalpha) and Akt3/

PKBgamma on thymus, skin, and cardiovascular and nervous system development in mice.

Mol Cell Biol 25(23):10407–10418. doi:10.1128/MCB.25.23.10407-10418.2005

72. Whiteman EL, Cho H, Birnbaum MJ (2002) Role of Akt/protein kinase B in metabolism.

Trends Endocrinol Metab 13(10):444–451

73. Radisavljevic Z (2013) AKT as locus of cancer angiogenic robustness and fragility. J Cell

Physiol 228(1):21–24. doi:10.1002/jcp.24115

74. Liang J, Slingerland JM (2003) Multiple roles of the PI3K/PKB (Akt) pathway in cell cycle

progression. Cell Cycle 2(4):339–345

75. Plyte SE, Hughes K, Nikolakaki E, Pulverer BJ, Woodgett JR (1992) Glycogen synthase

kinase-3: functions in oncogenesis and development. Biochim Biophys Acta 1114

(2–3):147–162

76. Wu D, Pan W (2010) GSK3: a multifaceted kinase in Wnt signaling. Trends Biochem Sci 35

(3):161–168. doi:10.1016/j.tibs.2009.10.002

77. Wada A (2009) Lithium and neuropsychiatric therapeutics: neuroplasticity via glycogen

synthase kinase-3beta, beta-catenin, and neurotrophin cascades. J Pharmacol Sci 110(1):14–28

78. Endo H, Nito C, Kamada H, Nishi T, Chan PH (2006) Activation of the Akt/GSK3beta

signaling pathway mediates survival of vulnerable hippocampal neurons after transient global

cerebral ischemia in rats. J Cereb Blood FlowMetab 26(12):1479–1489. doi:10.1038/sj.jcbfm.

9600303

79. Tang Z, Arjunan P, Lee C, Li Y, Kumar A, Hou X, Wang B, Wardega P, Zhang F, Dong L,

Zhang Y, Zhang SZ, Ding H, Fariss RN, Becker KG, Lennartsson J, Nagai N, Cao Y, Li X

(2010) Survival effect of PDGF-CC rescues neurons from apoptosis in both brain and retina by

regulating GSK3beta phosphorylation. J Exp Med 207(4):867–880. doi:10.1084/jem.

20091704

80. Puckett MC, Goldman EH, Cockrell LM, Huang B, Kasinski AL, Du Y, Wang CY, Lin A,

Ichijo H, Khuri F, Fu H (2013) Integration of apoptosis signal-regulating kinase 1-mediated

stress signaling with the Akt/protein kinase B-IkappaB kinase cascade. Mol Cell Biol 33

(11):2252–2259. doi:10.1128/MCB.00047-13

81. Alikhani M, Roy S, Graves DT (2010) FOXO1 plays an essential role in apoptosis of retinal

pericytes. Mol Vis 16:408–415

82. Jomary C, Cullen J, Jones SE (2006) Inactivation of the Akt survival pathway during

photoreceptor apoptosis in the retinal degeneration mouse. Invest Ophthalmol Vis Sci 47

(4):1620–1629. doi:10.1167/iovs.05-1176

83. Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y, Greenberg ME (1997) Akt phosphor-

ylation of BAD couples survival signals to the cell-intrinsic death machinery. Cell 91

(2):231–241

40 H. Hayashi

http://dx.doi.org/10.1074/jbc.C100462200
http://dx.doi.org/10.1101/gad.913901
http://dx.doi.org/10.1101/gad.913901
http://dx.doi.org/10.1101/gad.1089403
http://dx.doi.org/10.1242/dev.01864
http://dx.doi.org/10.1128/MCB.25.23.10407-10418.2005
http://dx.doi.org/10.1002/jcp.24115
http://dx.doi.org/10.1016/j.tibs.2009.10.002
http://dx.doi.org/10.1038/sj.jcbfm.9600303
http://dx.doi.org/10.1038/sj.jcbfm.9600303
http://dx.doi.org/10.1084/jem.20091704
http://dx.doi.org/10.1084/jem.20091704
http://dx.doi.org/10.1128/MCB.00047-13
http://dx.doi.org/10.1167/iovs.05-1176


84. Koriyama Y, Homma K, Sugitani K, Higuchi Y, Matsukawa T, Murayama D, Kato S (2007)

Upregulation of IGF-I in the goldfish retinal ganglion cells during the early stage of optic nerve

regeneration. Neurochem Int 50(5):749–756. doi:10.1016/j.neuint.2007.01.012

85. Homma K, Koriyama Y, Mawatari K, Higuchi Y, Kosaka J, Kato S (2007) Early

downregulation of IGF-I decides the fate of rat retinal ganglion cells after optic nerve injury.

Neurochem Int 50(5):741–748. doi:10.1016/j.neuint.2007.01.011

86. Kim HS, Park CK (2005) Retinal ganglion cell death is delayed by activation of

retinal intrinsic cell survival program. Brain Res 1057(1–2):17–28. doi:10.1016/j.brainres.

2005.07.005

87. Shen J, Wu Y, Xu JY, Zhang J, Sinclair SH, Yanoff M, Xu G, Li W, Xu GT (2010) ERK- and

Akt-dependent neuroprotection by erythropoietin (EPO) against glyoxal-AGEs via modulation

of Bcl-xL, Bax, and BAD. Invest Ophthalmol Vis Sci 51(1):35–46. doi:10.1167/iovs.09-3544

88. Brown GC (2010) Nitric oxide and neuronal death. Nitric Oxide 23(3):153–165. doi:10.1016/j.

niox.2010.06.001

89. Mejia-Garcia TA, Portugal CC, Encarnacao TG, Prado MA, Paes-de-Carvalho R (2013) Nitric

oxide regulates AKT phosphorylation and nuclear translocation in cultured retinal cells. Cell

Signal 25(12):2424–2439. doi:10.1016/j.cellsig.2013.08.001

3 Classical Signaling Pathways 41

http://dx.doi.org/10.1016/j.neuint.2007.01.012
http://dx.doi.org/10.1016/j.neuint.2007.01.011
http://dx.doi.org/10.1016/j.brainres.2005.07.005
http://dx.doi.org/10.1016/j.brainres.2005.07.005
http://dx.doi.org/10.1167/iovs.09-3544
http://dx.doi.org/10.1016/j.niox.2010.06.001
http://dx.doi.org/10.1016/j.niox.2010.06.001
http://dx.doi.org/10.1016/j.cellsig.2013.08.001


Chapter 4

Antioxidative Treatment for Neuroprotection
in Glaucoma

Kenya Yuki

Abstract Glaucoma is a neurodegenerative disease with progressive retinal

ganglion cell apoptosis. IOP elevation is a modifiable proven risk factor for

glaucoma. Although a lot of new medicines and surgeries for lowering IOP have

come in, glaucoma is still a leading cause of blindness in the world, motivating us to

search IOP-independent treatment. Accumulating evidences point to an association

between oxidative stress and glaucoma. Increased level of oxidative DNA damage,

lipid peroxidation, and protein oxidation and reduced antioxidative status were

observed in serum, trabecular meshwork, and aqueous humor of human glaucoma

subjects. Antioxidants protect retinal ganglion cell apoptosis from IOP elevation,

optic nerve injury, inflammation, and impaired ocular blood flow in vivo and

in vitro. Some population-based epidemiological studies showed that higher anti-

oxidant intake reduced risk of glaucoma. This review focused on the present

evidence that support the possibility of antioxidant neuroprotective treatment for

glaucoma.

Keywords Antioxidant • Glaucoma • Mitochondria • Oxidative stress • Reactive

oxygen species

4.1 Introduction

Glaucoma is the second leading cause of blindness in the world, affecting about five

million people [1]. Glaucomatous optic neuropathy is a disease with progressive

retinal ganglion cell (RGC) loss and nerve fiber layer defect accompanied by

typical visual field defects. Glaucoma is significantly associated with reduced
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patients’ quality of life and affects public health [2, 3]; thus finding a new treatment

of glaucoma is a critical issue in a society. Although elevated IOP is a proven risk

factor for glaucoma, the etiology of glaucoma is still unknown and it is thought to

be multifactorial [4]. Proposed mechanisms of glaucomatous optic neuropathy are

IOP elevation, optic nerve axonal injury, neurotrophic factor depletion, impaired

ocular blood flow, TNF-α neurotoxicity, glutamate neurotoxicity, inflammation,

and oxidative stress [5].

Oxidative stress is a condition that reactive oxygen species (ROS) exist in cell or

extracellular space without being metabolized by antioxidative mechanism [6].

ROS is usually generated in electron transport chain in mitochondria. Superoxide

anion (O2
�) and hydroxyl peroxide (H2O2) are a major type of ROS. Under normal

condition, superoxide anion is generated as a by-product of mitochondrial respira-

tion mainly by complexes I and III [7, 8].

Superoxide anion is reduced by superoxide dismutase (SOD) to less reactive

hydrogen peroxide. Generated hydrogen peroxide is reduced by catalase or gluta-

thione peroxidase (Gpx) to nonreactive water. ROS has an important role in cell

signaling and cell homeostasis [9]. However, excessive ROS which was not

metabolized by antioxidative enzyme or substances results in oxidative insult to

protein, lipid, and DNA. DNA oxidation [10], protein oxidation [11], and lipid

oxidation [12] are associated with neurodegenerative diseases such as Alzheimer’s

disease [13] and Parkinson’s disease [14, 15]. Oxidative DNA damage causes DNA

single- and double-strand breaks, base modifications, and abasic sites. Guanine is

the most easily oxidized purine in DNA. After oxidation, guanine becomes

8-hydroxy-deoxyguanosine (8-OHdG) [16]. Oxidized guanine can pair with cyto-

sine and with adenine. The latter yields transversion, which is mutagenic and

apoptotic for cell [17]. Oxidative modification of protein induces protein carbon-

ylation, structural changes in a protein, protein misfolding, and protein aggregation

that might lead to its functional impairment. Increase of protein carbonyl content in

creatinine kinase was observed in brain with Alzheimer’s disease [18]. Lipid

oxidation is also associated with neuronal cell apoptosis [12]. Cell membrane is

composed of lipid. Lipid peroxidation in neuronal cell membrane increases cell

rigidity, decreased membrane binding enzyme activity, and altered permeability,

resulting in neuronal apoptosis [19].

4.2 Evidences of the Association Between Oxidative Stress
and Human Glaucoma

Accumulating evidences point out to the association between oxidative stress and

primary open-angle glaucoma (POAG) (Table 4.1). In association with oxidative

DNA damage and glaucoma, increased 8-OHdG level was observed in serum [20],

aqueous humor [20], and trabecular meshwork [21, 22]. 8-OHdG is one of the most

reliable DNA oxidation markers due to its stability [23]. Studies found that levels of

8-OHdG in trabecular meshwork cells were significantly higher in glaucoma
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patients than in controls [21]. Oxidative DNA damage in patients with glaucoma

correlated significantly with IOP and visual field defects in subjects with glau-

coma [21, 22]. Another study found that aqueous and serum levels of 8-OHdG were

higher in glaucoma patients than in cataract group [20]. In another study, higher

oxidative DNA damage after lymphocyte incubation with hydrogen peroxide was

observed in glaucoma patients than in that of healthy controls [24]. In lipid

peroxidation, malondialdehyde (MDA), a lipid peroxidation marker [25], level

was significantly higher in serum [26] and aqueous humor [27, 26] of glaucoma

patients than that of controls. Nucci et al. compared MDA level in blood and

aqueous humor between that of 40 patients with POAG scheduled for cataract

surgery and 26 patients of age-matched subjects scheduled for cataract surgery and

found that blood and aqueous humor MDA levels in POAG patients were signifi-

cantly increased over those of the control group [28]. Serum levels of total oxidant

status (TOS) [29] of patients with POAG were reported to be significantly higher in

POAG compared with controls [26].

In association with antioxidant status with POAG, total antioxidant status (TAS)

is reported to be less in serum [20, 26, 28, 31] and aqueous humor [20, 27, 28, 30] in

glaucoma patients than that of controls. Tanito et al. examined serum level of

Table 4.1 Current evidence implicating systemic and ocular oxidative stress involvement in the

pathophysiology of POAG and NTG

Serum Urine Erythrocyte

Aqueous

humor

Trabecular

meshwork

POAG

Oxidative

damage

TOS" [26]

Lipid

peroxidation

MDA" [26, 28] MDA" [28]

MDA" [27]

DNA oxidation 8-OHdG" [20] 8-OHdG"
[20]

8-OHdG" [21, 22]

Antioxidant

capacity

and enzyme

TAS# [20]

BAP# [31]

TAC# [26, 28]

SOD " [26]

SOD# [24]

Catalase#
[24]

Gpx# [24]

TRAP# [30]

TAS# [20, 27]
TAC# [28]

SOD# [33]

SOD" [30]

GST# [33]

Gpx" [30]

NTG

DNA damage 8-OHdG#
[41]

Antioxidant

capacity

and enzyme

SOD1# [135]

TAS" [41]

POAG primary open-angle glaucoma, NTG normal-tension glaucoma, TOS total oxidant status,

TAC total antioxidant capacity, SOD superoxide dismutase, MDA malondialdehyde, TAS total

antioxidant status, 8-OHdG 8-hydroxy-20-deoxyguanosine, BAP biological antioxidant potential,

TRAP total reactive antioxidant potential, Gpx glutathione peroxidase, GST glutathione

S-transferase, TAS total antioxidant status
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antioxidant capacity by biological antioxidant potential (BAP) test [32] in subjects

with POAG and controls and found that BAP level was significantly lower in the

POAG group than in the control group [31]. Bagnis et al. compared cytosolic SOD

(SOD1), mitochondrial SOD (SOD2), and glutathione S-transferase 1 (GST1) level

in the aqueous humor of POAG subjects and controls. GST1 is an enzyme which

activates thiol group of glutathione, enabling antioxidative function on the sub-

strate. Levels of SOD1, SOD2, and GST1 were significantly lower in POAG

patients than in the control group [33]. A significant decrease of antioxidant

enzymes, catalase, SOD, and Gpx level in erythrocyte is observed in glaucoma

patients compared with controls [24]. On the other hand, an increase of SOD

activity and glutathione activity was observed in glaucoma patients compared

with cataract subjects in another study [30].

These studies suggest that subjects with POAG were topically and systemically

exposed to higher ROS compared with controls and may have susceptibility to

ROS due to low level of antioxidant status. Systemic accumulation of oxidative

DNA damage, lipid peroxidation, and reduced systemic antioxidant status were

observed in Alzheimer’s disease and Parkinson’s disease [34–39]. Alzheimer’s

disease, Parkinson’s disease, and glaucoma are thought to share a common

mechanism of neuronal loss [40]. Human studies in POAG suggest us that

reduced systemic and ocular antioxidant status increased ROS level in the retina,

cause oxidative DNA damage, and lipid peroxidation in RGC, may result in

glaucoma.

There is still not enough study evaluating the association of oxidative stress in

normal-tension glaucoma (NTG). Serum levels of TAS and urinary 8-OHdG level

in patients with NTG were reported. In this study, serum level of TAS is signifi-

cantly higher in NTG patients compared with controls. Furthermore, lower levels of

urinary 8-OHdG were observed in NTG patients [41]. Although this result is

incompatible with the result of POAG studies and the reason for discrepancy is

unknown, this study suggests us that systemic oxidative stress including systemic

DNA damage is associated with NTG pathomechanism. On the other hand, higher

systemic oxidative DNA damage is reported to be associated with progression of

NTG [42]. The authors examined urinary 8-OHdG level at baseline and evaluated

visual field progression of 40 consecutive NTG subjects for 5 years in a retrospec-

tive manner. Seventeen subjects showed progression and twenty-three subjects

showed no progression [42]. No significant difference was observed in untreated

IOP, treated IOP, systemic disease status, and age between the two groups. Urinary

8-OHdG level was significantly higher in the progressive group than in the

nonprogressive group (Fig. 4.1). This result suggests that higher level of systemic

oxidative DNA damage is associated with IOP-independent glaucomatous visual

field progression.
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4.3 Antioxidative Neuroprotective Treatment Effect
in Experimental Glaucoma

4.3.1 Antioxidative Treatment for IOP Elevation-Induced
RGC Apoptosis

The mechanism of IOP elevation-induced RGC apoptosis is still unclear. However,

oxidative insult is thought to be involved in an apoptotic pathway of IOP-induced

RGC loss.

Episcleral vein cauterization increased IOP to 25 mmHg after cauterization

[43]. After 30 days of IOP elevation, increased chemiluminescence, which indi-

cates generation of ROS [44], was observed in the retina. The level of total

antioxidant capacity in aqueous humor and vitreous humor significantly reduces,

and thiobarbituric acid reactive substances (TBARS) [45], level of lipid peroxida-

tion, significantly increased after IOP elevation. This study showed that IOP

elevation to 25 mmHg causes antioxidant enzyme reduction in aqueous humor

and vitreous humor and increases lipid peroxidation and ROS generations in the

retina. In another study using episcleral vein cauterization model, lucigenin-

dependent chemiluminescence [46] and nitroblue tetrazolium (NBT) [47] were

used as a probe for superoxide anion. A number of NBT-positive and lucigenin-

dependent chemiluminescence-positive RGCs, MDA level, SOD1, SOD2, and

catalase activity in the retina increased after IOP elevation [48]. These results

Fig. 4.1 Urinary 8-OHdG/creatinine level was significantly higher in subjects with progressive

NTG group compared with nonprogressive NTG group. No significant difference was observed in

age, male/female ratio, systolic and diastolic blood pressure, central corneal thickness, mean

deviation, untreated IOP, and treated IOP between the two groups. *p¼ 0.02 unpaired t-test
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showed that IOP elevation causes superoxide anion production in RGC and lipid

peroxidation in the retina. In human studies, Ferreira et al. reported higher level of

SOD and Gpx in aqueous humor of POAG patients compared with controls

[30]. Increase of antioxidant enzyme due to IOP elevation may be due to compen-

satory antioxidant mechanism against oxidative stress.

Another experimental glaucoma model showed compatible results. In a glau-

coma model by anterior chamber injection of hyaluronic acid, IOP elevated to

25 mmHg 1 week after injection. In this model, level of MDA significantly

increased and level of glutathione, SOD, and catalase significantly decreased in

the retina [49, 50]. In a study using micro-needle-induced acute IOP elevation to

30 mmHg or 60 mmHg for 2 h, level of 4-hydroxy-2-nonenal (4-HNE) [51], a lipid

oxidation marker, and hemoxygenase-1 (HO-1), an inducible antioxidative enzyme

against oxidative stress, in the retina significantly increased [52]. Another study

showed protein oxidation in RGCs of rat with ocular hypertension [53]. Multiple

models of IOP elevation in mice and rat showed increased level of DNA damage,

lipid oxidation, and protein oxidation and reduced level of antioxidant status in the

retina. These results strongly support the results of human study that subjects with

POAG were topically exposed to excessive ROS due to IOP elevation.

However, we cannot conclude oxidative insult as a signal of apoptosis or just a

by-product of RGC apoptosis from these studies. Inman et al. answered this

question using DBA2/J mice. DBA2/J mice are a glaucoma model with chronic

IOP elevation and progressive RGC loss [54]. The authors investigated oxidative

insult in DBA2/J mice [55]. In DBA2/J mice with IOP elevation, level of MDA,

glial fibrillary acidic protein, HO-1, and receptor of advanced glycation end product

in the retina was significantly higher in DBA2/J mice compared with C57 mice.

Level of 8-OHdG and 8-hydroxyguanosine, DNA oxidized marker, is observed

significantly higher in ganglion cell layer of DBA2/J mice compared with C57.

Authors delivered α-lipoic acid (ALA), an antioxidant substance [56], and evalu-

ated whether it alters glaucoma. ALA treatment did not reduce IOP elevation in

DBA2/J mice. However, the retina from ALA-treated mice showed significantly

lower level of MDA and 4-hydroxyalkenal. The DBA2/J retina without ALA had

half the number of RGC cells compared with the ALA-treated DBA2/J mice retina.

These results suggest that antioxidant treatment, ALA intake, protected RGC, not

by reduction of IOP, but by enhancing intrinsic antioxidant pathway. ROS gener-

ated by IOP elevation in DBA2/J mice is not a by-product of RGC death, but a key

player of IOP-induced RGC apoptosis.

High IOP increases lucigenin-dependent chemiluminescence and NBT-positive

cell in the retina [48], suggesting that superoxide anion was produced in the retina

by IOP elevation. How does IOP generate superoxide anion? Mitochondria are

thought to be the main source of superoxide anion. The major role of mitochondria

is to produce ATP using electron transport chain. Superoxide anions were naturally

produced in mitochondria while electron was transported. RGC has a lot of mito-

chondria for anterograde and retrograde axonal transport. IOP elevation reduces the

number of mitochondria with normal membrane potential in the optic nerve head

[57]. In DBA2/J mice with IOP elevation, mitochondrial fission, matrix swelling,
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substantially reduced cristae volume, and abnormal cristae depletion were observed

by electron microscopy in glaucomatous optic nerve head axons [58]. Superoxide

anion is basically non-membrane permeable [59, 60]. While the mitochondrial

membrane is intact, it exits in mitochondria and may not harm cells. However,

mitochondrial membrane was once damaged by IOP, superoxide anion goes out to

cytoplasm, and damage DNA, may result in RGC apoptosis. Superoxide anion

leaking from mitochondria also damages mitochondrial membrane and mitochon-

drial DNA. Molecules in mitochondria are thought to be susceptible to ROS due to

its closeness to the ROS production cite and lack of DNA protecting histone in

mitochondrial DNA. ROS leaking from mitochondria attacks mitochondrial mem-

brane and mitochondrial DNA, which results in more mitochondrial dysfunction,

causing a vicious cycle.

4.3.2 Antioxidant Treatment Effect for Optic Nerve
Crush-Induced RGC Apoptosis

Recent studies using optical coherence tomography showed that IOP elevation

dynamically deforms lamina cribrosa in the human eye [61]. Lamina cribrosa

deformation plays an important role in glaucoma pathogenesis by inducing loss

of retrograde transport of neurotrophic factors such as brain-derived neurotrophic

factors at the optic nerve head [62]. Optic nerve crush model and optic nerve

transaction model are is thought to be a glaucoma model of loss of retrograde

transport of neurotrophic factors.

Superoxide anion is thought to be an early signal of apoptosis of RGC after optic

nerve crush. Optic nerve transaction increases superoxide production measured by

dihydroethidium. Superoxide anion level in RGC increased within 24 h after optic

nerve transaction, peaking at 4 days. Intravitreal injection of polyethylene glycol–

SOD after optic nerve transaction significantly increases level of SOD and reduces

TUNEL-positive cells in RGC [63]. Higher MitoSox™, red superoxide anion

indicator, level was observed in RGCs after optic nerve transaction, which means

that superoxide anion production occurs at mitochondria [64]. Another study found

that overexpression of thioredoxin-1 or thioredoxin-2, a 12 kD oxidoreductase

enzyme which facilitates reduction of other proteins by cysteine thiol–disulfide

exchange, by plasmid intravitreal injection protects RGC from optic nerve trans-

action [65]. These results showed that superoxide anion leaking from mitochondria

is the early events of apoptotic pathway after optic nerve transaction and suggests

possible antioxidative treatment for glaucoma by reducing superoxide anion.

Himori et al. evaluated role of NF-E2-related factor 2 (NRF2) in optic nerve

crush using Nrf2-deficient mice [66]. Nrf2 is a key transcriptional factor and an

antioxidant pathway that plays a major role in endogenous protection against the

cytotoxic effect of oxidative stress [67]. Nrf2 is kept in the cytoplasm by Kelch-like

ECH-associated protein 1 (Keap1) and Cullin 3 which degrade Nrf2 by
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ubiquitination. Under normal condition, Nrf2 is ubiquitinated and degraded

quickly. Exposed to oxidative stress, Nrf2 is not ubiquitinated, builds up in the

cytoplasm, translocates into nucleus, binds to the antioxidant response element in

the upstream promoter region of many antioxidative genes, and initiates their

transcription. Nrf2 levels in nucleus significantly increased and mRNA level of

antioxidant enzymes like HO-1 also significantly increased in wild-type mice 1 day

after optic nerve crush. In Nrf2-deficient mice, significant increase of 8-OHdG-

positive cells, 4-HNE-positive cells, and level of TBARS was observed in RGC

compared with wild type after optic nerve crush. The number of RGC had signif-

icantly decreased in Nrf2-deficient mice compared to wild-type mice. 1-(2-cyano-

3,12-dioxooleana-1,9 (11)-dien-28-oyl)imidazole (CDDO-Im) is an Nrf2 activator.

CDDO-Im treatment induced expression of antioxidative genes such as Nqo1,
Ho-1, Gclm, Gclc, Gsta4, and Txnrd in WT mice, but not in Nrf2-deficient mice,

indicating that these responses are Nrf2 dependent. CDDO-Im treatment signifi-

cantly inhibited RGC loss compared with vehicle treatment 7 days after optic nerve

crush in WT mice. This protective effect is not observed in Nrf2-deficient mice.

Nrf2 is a possible target for antioxidative neuroprotective glaucoma treatment.

Further analysis is warranted.

4.3.3 Antioxidant Treatment for Impaired Ocular Blood
Flow-Induced RGC Apoptosis

A number of evidence suggest the association between impaired ocular blood

flow and glaucoma [68, 69]. In the Barbados Eye Study, 10 mmHg lower systolic

blood pressure increased 9 % higher risk of incident POAG [70]. In the Proyecto

VER study, subjects with diastolic perfusion pressure less than 45 mmHg had

three times more likely to have POAG compared with subjects with more than

65 mmHg [71]. In Early Manifest Glaucoma Trial, lower systolic perfusion

pressure less than 125 mmHg had 40 % higher risk of glaucoma progression

[72]. Impaired ocular blood flow and its correlation with visual field defect were

observed in subjects with glaucoma [73, 74] and low diastolic blood pressure is

associated with progression of NTG under IOP-lowering treatment [75]. The

exact mechanism that impaired blood flow causes glaucomatous optic neuropathy

is still unknown, but tissue hypoxia is thought to be an associated mechanism

with glaucoma and impaired ocular blood flow. Hypoxia-inducible factor 1 alpha

(HIF1-α) was observed in human glaucomatous optic nerve head and retina

which suggests that glaucomatous optic nerve head and retina were exposed to

hypoxic insult [76].

Ischemia/reperfusion injury to the retina is thought to be a mice model of

hypoxic retinal insult. Transient increase of IOP causes retinal ischemia, caspase

activation, increased number of TUNEL-positive cells in the inner nuclear layer

and RGC layer, and inner retinal degeneration including RGC loss [77]. Superoxide
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anion generation was observed in the retina after ischemia/reperfusion injury [78]

and was prevented by mitochondrial uncoupler in hippocampal neuron [79], which

means superoxide anion was produced in mitochondria after ischemia/reperfusion

injury. Successful antioxidant therapy for ischemia/reperfusion injury was reported

[80–83]. Intravitreal injection of AAV-SOD2 significantly reduces superoxide

anion level, MDA level, and 8-OHdG level in the retina after ischemia/reperfusion

injury and protected RGC loss from apoptosis [84]. AAV-catalase also protected

inner neuron from ischemia/reperfusion injury [85].

Oharazawa et al. conducted clinically applicable important examination. The

authors used H2-loaded eye drops. H2-loaded eye drops were prepared by

dissolving H2 gas into a saline to saturated level and administered to ocular surface.

After H2-loaded eye drops were administered, H2 concentration in vitreous imme-

diately increased and superoxide anion level decreased after ischemia/reperfusion

injury. H2-loaded eye drops reduced the number of 4-HNE-positive cells, 8-OHdG-

positive cells, and TUNEL-positive cells in the retina and prevented retinal thinning

[86]. H2 gas was reported to protect brain injury by ischemia/reperfusion injury and

by traumatic brain injury via suppressing hydroxyl peroxide, which is most

cytotoxic ROS, in vivo and protect neuronal cells against oxidative injury in vitro

[87–89]. Inhalation of H2 gas selectively reduced hydroxyl peroxide, but did not

affect level of H2O2, oxidized form of NAD+, oxidized form of FAD, or oxidized

form of cytochrome c, which suggests that H2 gas does not affect the normal

metabolism involved in oxidation–reduction reaction’s essential role in signal

transduction. Irrigation of the cornea by H2-enriched solution significantly reduced

angiogenesis after alkali burn injury by reduction of ROS [90]. H2 gas protects from

cataract [91] and blue light-induced retinal damage [92] in rat. Inhalation of 3 % H2

gas delivers enough H2 in blood in human. Preliminary study for treatment of brain

stem infarction [93], acute erythematous skin disease [94], and acute cerebral

ischemia [95] showed that H2 gas inhalation suppressed brain damage and erythema

symptoms without compromising safety. Hydrogen is the lightest element; there-

fore, H2 gas is highly permeable to cell membrane. H2 gas would reach RGC by

topical application of H2-enriched water to ocular surface. H2 gas effect should be

evaluated in another animal model of glaucoma in the future.

Another clinically applicable interesting study is also reported. Caloric restric-

tion is a dietary regimen recognized to delay aging and extend life span in various

kind of organisms including C. elegans, F. pyramitela, and D. melanogaster, mice,

and monkey [96]. Caloric restriction reduces lipid peroxidation, protein carbonyl-

ation, and nitration in neuronal cells in vivo and in vitro [97]. Caloric restriction

also slowed the age-dependent protein insolubilization and increased antioxidant

substances, like glutathione and ascorbic acid levels in neural retina [98]. Outer

nuclear layer cell densities and retinal thickness were significantly greater in the

caloric restricted mice versus ad libitum diet group in 12, 24, and 30 months of age

[99]. After IOP elevation-induced ischemic injury, caloric restriction for 24 h every

other day for 6 months significantly reduced HO-1 level, HNE level, and

age-dependent decline in mitochondrial oxidative phosphorylation enzyme activity

and prevented RGC functional loss [100]. These results suggest that caloric
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restriction improves age-related mitochondrial function, reduces lipid peroxidation,

and improves RGC function. Caloric restriction may be an alternative antioxidative

treatment for glaucoma.

4.3.4 Antioxidant Treatment for Glutamate
Neurotoxicity-Induced RGC Apoptosis

Glutamate is an excitatory neurotransmitter in the retina. Excessive glutamate

exposure to the retina results in neuronal apoptosis [101] and is called

excitotoxicity. Glutamate-induced excitotoxicity is thought to be associated with

the pathomechanism of Alzheimer’s disease [102], Parkinson’s disease [103],

Huntington disease [104], and glaucoma [105, 106]. N-methyl-D-aspartate receptor

is a glutamate receptor, which plays a predominant role in excitotoxicity in the

retina. NMDA is a selective agonist which binds to NMDA receptor. Excessive

glutamate overactivates NMDA receptor, and a nonspecific cation channel opens

that allows the passage of Ca2+ into neuron. Excessive Ca2+ influx into neuron

destabilizes mitochondrial membrane, release of cytochrome c, release of superox-

ide anion, and apoptotic neuronal death. IOP elevation in rat causes reduction of

glutamate transporter 1 (GLT1) and glutamate aspartate transporter (GLAST) in the

retina [107, 108]. GLAST-deficient mice showed RGC loss without IOP elevation,

which is suppressed by an NMDA receptor antagonist, memantine, suggesting the

association of glutamate neurotoxicity and pathogenesis of NTG [106].

ROS is involved in excitotoxicity. The application of NMDA to cerebellar

granular cell in vitro produces superoxide anion, resulting in cell death [109] and

SOD attenuates NMDA-induced rat cortical neuronal death in vitro [110]. NMDA

induced superoxide anion generation [111]. SOD may play an important role in

protecting the retina against glutamate neurotoxicity. In cultured cortical neuron,

overexpression of SOD1 prevents neuronal cell loss from NMDA-induced neuro-

toxicity [112, 113]. NMDA intravitreally injected SOD1-deficient mice showed

significantly higher number of TUNEL-positive cells in RGC layer and inner

nuclear layer compared with NMDA-injected wild-type mice [114]. The amplitude

of a and b wave of dark-adapted full-field single-flash electroretinogram (ERG) was

significantly lower in NMDA-injected SOD1-deficient mice compared with

NMDA-injected wild-type mice. The number of 8-OHdG-positive cells and cells

with DNA double-strand break was significantly higher in RGC layer in NMDA-

injected SOD1-deficient mice. Level of ROS measured by dihydroethidium in the

retina is significantly higher in NMDA-injected SOD1-deficient mice. SOD1 is an

enzyme which reduces superoxide anion to hydroxyl peroxide. This study showed

that NMDA-induced superoxide anion production is a cause of RGC apoptosis via

DNA oxidation damage, and lack of SOD1 ameliorates NMDA neurotoxicity.

Numerous reports showed that antioxidative substance protects RGC from

NMDA-induced neurotoxicity in vivo and in vitro [115–123]. Edaravone is a
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novel free radical scavenger, which is approved for clinical use in management of

acute ischemic stroke. In the Cochrane Database of Systematic Reviews, edaravone

treatment increases twofold the number of subjects who improved neurological

impairment compared with controls after acute ischemic stroke [124]. Intravitreal

injection of edaravone treatment reduced number of TUNEL-positive cells in RGC

layer after NMDA intravitreal injection. It also reduced the number of 8-OHdG-

positive cells and 4-HNE-positive cells [119]. Intravitreal injection of submicron-

sized liposomes containing edaravone also significantly reduced the number of

TUNEL-positive RGC cell after NMDA injection [115]. Edaravone-loaded lipo-

some eye drops protect the retina against light-induced damage, suggesting its

possibility of clinical usage [125]. Edaravone has been already widely clinically

used for acute stroke. It may be one of the promising candidates for glaucoma

antioxidant treatment.

4.3.5 Antioxidant Treatment for TNF-α Neurotoxicity-
Induced RGC Apoptosis

TNF-α is a pro-inflammatory cytokine that stimulates acute phase of inflammation

with multiple functions [126]. TNF-α is produced by activated microglia in the

retina after IOP elevation and is thought to be associated with RGC apoptosis by

binding to the TNF receptor [127]. TNF-α and TNFR1 in the retina and optic nerve

head are upregulated in RGCs and their axons in human glaucoma [128]. TNF-α
level also increased in aqueous humor of POAG subjects [129]. TNF-α-deficient
mice and TNF-receptor 2-deficient mice showed significantly less RGC loss after

IOP elevation [130]. Etanercept, a widely used TNF-α inhibitor, prevents high

IOP-induced RGC loss and optic nerve degeneration [131]. These results suggest

that TNF-α neurotoxicity is highly involved in glaucoma pathophysiology.

TNF-α-induced RGC apoptosis is reported to be associated with oxidative stress.

TNF-α administration to primary culture of rat RGC increases number of Annexin

V+ /PI + cells with increase of ROS [132]. TNF-α administration induces loss of

mitochondrial membrane potential and release of AIF. Although caspase inhibitor

treatment temporally decreases rate of apoptosis of RGC, the effect is not enough

when mitochondrial membrane has already lost their potential. Combination with

caspase inhibitor and tempol, a ROS scavenger, provides additional 20 % survival

in RGC [132]. These results suggest that ROS produced in mitochondria is a cause

of TNF-α-induced RGC apoptosis. Peroxiredoxin 6 (Prdx6) is a ubiquitous antiox-

idant enzyme. Peroxiredoxin metabolizes hydrogen peroxide using reduced

thioredoxin. TNF-α decreased the level of Prdx6 and increased the level of ROS

in RGC-5, resulting in cell death. Prdx6 delivery protected RGC loss by TNF-α by

limiting ROS level [133]. Thioredoxin 1 was significantly decreased in the optic

nerve and RGC after TNF-α injection. 17β-E2 significantly prevented

TNF-α-induced axonal loss, and this axonal protective effect was inhibited by
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intravitreal injection of thioredoxin 1 siRNA [134]. These results suggest that

TNF-α impairs mitochondrial membrane potential, which results in superoxide

anion release, thus causing axonal loss and RGC apoptosis.

4.4 Superoxide Anion and Glaucomatous Optic
Neuropathy

IOP elevation, optic nerve crush, TNF-α neurotoxicity, NMDA neurotoxicity, and

impaired ocular blood flow cause ROS generation, mainly superoxide anion via

mitochondrial membrane dysfunction (Fig. 4.2). SOD is an antioxidative enzyme

which metabolizes superoxide anion to hydroxyl peroxide. SOD1 exists in cytosol,

SOD2 in mitochondria, and SOD 3 in extracellular space. SOD1 is ubiquitously

expressed in the retina but mainly in RGC, inner plexiform layer, and inner nuclear

layer in themice retina which suggest that SOD1 plays an important role for reducing

superoxide anion in the inner retina [135]. The number of RGC showed no significant

change between SOD1-deficient mice and wild-type mice in young age. However,

significant decrease was observed in SOD1-deficient mice in the number of RGC

comparedwithwild-typemice in 24weeks of age. RGC functionmeasured by pattern

ERG was also decreased. The amplitude of pattern ERG is correlated with RGC

function [136, 137]. Significant increase of ROS measured by dihydroethidium was
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observed in SOD1-deficient mice compared with controls. IOP does not show any

changes between the two groups [135]. This study suggests that superoxide

anion during normal respiration in mitochondria can cause enough oxidative insult

for RGC loss, when it is not metabolized by SOD1. Reduced level of SOD1 in serum

of NTG subjects was observed [135]. Impairment of SOD1 and mitochondrial

dysfunction may be associated with IOP-independent RGC apoptosis.

4.5 Evidence of Possible Neuroprotective Role
of Antioxidant Intake for Glaucomatous Optic
Neuropathy

Epidemiological studies evaluated the association between antioxidant intake and

glaucoma (Table 4.2).

In the Nurses’ Health Study (n¼ 76,200) and the Health Professionals Follow-

Up Study (n¼ 40,284). Four hundred seventy-four self-reported glaucoma cases

confirmed by medical chart review to have POAG with visual field loss were

analyzed in this study. Dietary intakes were measured using validated food fre-

quency questionnaires. No association was observed in intake level of α-carotene,
β-carotene, β-cryptoxanthin, lycopene, lutein/zeaxanthin, vitamin C, vitamin E, and

vitamin A [138].

In an osteoporotic fracture study with a sample of 1,155 women in a cross-

sectional manner, 95 were diagnosed to have glaucoma by glaucoma specialist.

Odds ratio for glaucoma was decreased by 69 % (OR, 0.31; 95 % CI 0.11–0.91)

who consumed at least one serving/month of collard greens and kale, by 64 % (OR,

0.36; 95 % CI 0.17–0.77) who consumed more than two servings/week of carrots,

and by 47 % (OR, 0.53; 95 % CI 0.29–0.97) who consumed at least one serving/

week of canned or dried peaches compared with those who consumed fewest group

[139]. Later, prospective analysis was performed in this study. Among 584 African-

American women, 77 subjects had new onset POAG.Women who ate three or more

servings/day of fruits/fruit juices were 79 % (OR, 0.21; 95 % CI 0.08–0.60) less

likely to have glaucoma than women who ate less than one serving/day. Women

who consumed more than two servings/week of fresh oranges (OR, 0.18; 95 % CI

0.06–0.51) and peaches (OR, 0.30; 95 % CI 0.13–0.67) had a decreased odds of

glaucoma compared to those consuming less than one serving/week. For vegeta-

bles, >1 serving/week compared to �1 serving/month of collard greens/kale

decreased the odds of glaucoma by 57 % (OR, 0.43; 95 % CI 0.21–0.85). Individual

nutrient intake from food sources found protective trends with higher intakes of

vitamin A ( p¼ 0.011), vitamin C ( p¼ 0.018), and α-carotene ( p¼ 0.021) [140].

The effect of peaches and collard/kale for glaucoma is confirmed in both cross-

sectional and prospective study.

In the Rotterdam Eye Study, 3,502 participants without glaucoma at baseline

were followed and 91 subjects had new onset OAG. Hazard ratio for onset of

OAG for vitamin A equivalents (highest versus lowest tertile) was 0.45 (95 %
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Table 4.2 Dietary intake of antioxidant and incidence or prevalence of open-angle glaucoma

Study

n
(glaucoma)

Glaucoma

diagnosis

Factors which are

not associated

with glaucoma

Factors which

reduced the

risk of

glaucoma

The Nurses’ Health

Study and the

Health

Professionals

Follow-Up

Study [138]

116,484 (474) Self-reported α-Carotene
β-Carotene,

β-cryptoxanthin,
lycopene, lutein/

zeaxanthin,

vitamin E

Vitamin C

Vitamin A

N/A

Osteoporotic fracture

study [139]

1,155 (95) Optic disc

evaluation

and visual

field testing

All the fruits and

fruit juices

All vegetables

All vitamins

Fresh apple

Fresh banana

Fresh orange

Orange juice

Fresh peach

Spinach

Green salad

Canned/dried

peach

Collard greens

and kale

Carrot

Osteoporotic fracture

study [140]

584 (77) Disc

photograph

and visual

field testing

All vegetables

Fresh apple

Fresh banana

Orange juice

Canned/dried peach

Fresh carrot

Spinach

Green salad

Folic acid

Vitamin Bs

Vitamin D

Vitamin E

β-Carotene,
β-cryptoxanthin,
lycopene, lutein/

zeaxanthin

All fruits/fruit

juices

Fresh orange

Fresh peach

Collard greens/

kale

Vitamin A

Vitamin C

α-Carotene

Rotterdam Eye

Study [141]

3,502 (91) Ophthalmic

examination

with visual

field testing

α-Carotene
β-Carotene,

β-cryptoxanthin,
lycopene, lutein/

zeaxanthin,

vitamin E

Vitamin Bs

Vitamin C

Vitamin A

Vitamin B1

National Health

and Nutrition

Examination

Survey [142]

2,912 (203) Self-reported Vitamin A

Vitamin E

Vitamin C
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CI 0.23–0.90) and for vitamin B1 0.50 (0.25–0.98) [141]. No association was

observed in α-carotene, β-carotene, β-cryptoxanthin, lycopene, lutein/zeaxanthin,
vitamin E, and vitamin B12.

In 2005–2006 National Health and Nutrition Examination Survey, among 2,912

participants, 203 subjects have self-reported glaucoma. Odds ratio for glaucoma,

comparing the highest quartile of consumption to no consumption, was 0.47 (95 %

CI 0.23–0.97) for vitamin C. However, no significant association was observed in

vitamins A and E with glaucoma [142].

Higher collard greens/kale intake, vitamin C intake, and vitamin A intake showed

protective effect against glaucoma. Collard greens/kale is a vitamin A- and C-rich

nutrient, which means that subjects with higher collard greens/kale intake have

higher vitamin C and A intake as a nutrient. Vitamin A is a well-known antioxidant

vitamin. Vitamin A is necessary by the retina in the form of retinal to combine with

opsin to form rhodopsin, the light-absorbing molecule. Lack of vitamin A causes

night blindness due to insufficient production of rhodopsin. Protective effect of

vitamin A for neurodegenerative disease has been already reported [143, 144].

Retinoic acid is a metabolite of vitamin A that mediates the functions of vitamin

A. Retinoic acid protected hippocampal neuron from staurosporine-induced oxida-

tive stress in mitochondria by enhancing protein levels of SOD1 and SOD2 [145].

Retinoic acid also inhibits staurosporine-induced glutathione depletion in neuron

and reduced the number of apoptotic neuronal cell in vivo [145].

The association between glaucoma and vitamin C has long been evaluated and

the association is more obvious than vitamin A. Higher level of vitamin C exists in

aqueous humor, which is thought to have an antioxidative protection on lens and

trabecular meshwork cells [146]. Reduced vitamin C level is associated with human

NTG [147] and POAG [148]. The rs1279386 (A>G) SNP in SLC23A2, which

encodes Na-dependent vitamin C transporter, was significantly associated with

lower plasma concentrations of vitamin C and with higher risk of POAG [149].

Lack of vitamin C may be involved in glaucoma pathogenesis.

4.6 Adverse Effect of Antioxidant Therapy

Antioxidant treatment protects RGC from IOP elevation, optic nerve injury, TNF-α
neurotoxicity, glutamate neurotoxicity, and impaired ocular blood flow. These

results suggest that antioxidant treatment is a promising neuroprotective treatment

for glaucomatous optic neuropathy. However, we should take care of side effects of

antioxidant treatment. Some antioxidative treatment may increase mortality by

affecting human essential defense mechanism [150].

Carcinogenesis is supposed to be an adverse event of systemic antioxidant

treatment. Cancer cells demand high ATP level for proliferation and higher activity

for mitochondria, which results in higher generation of ROS in cancer cells. Cancer

cells have strong antioxidative mechanism to metabolize ROS. Pharmacologically

depletion of antioxidant enzyme in cancer stem cell decreases clonogenicity and
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results in radiosensitization [151]. A lot of inhibitors of antioxidant enzyme are

approved by the FDA [152]. In a large, double-blind, randomized, placebo-

controlled study, systemic administration of beta-carotene increased 1.2-fold higher

risk of lung cancer in men. Total mortality was also 8 % higher in subjects who

received beta-carotene [153]. In another multicenter, double-blind, placebo-con-

trolled, randomized study, systemic administration of vitamin A and beta-carotene

increased 28 % in risk of incident lung cancer and 17 % in the risk of death [154].

Furthermore, another study showed that vitamin E supplementation increased 17 %

in the risk of prostate cancer [155]. In mice, median life span of Gpx4+/� mice was

significantly longer than that of wild-type mice because of a delayed occurrence of

fatal lymphoma. The authors concluded that lifelong reduction in Gpx4 reduced

cancer incidence most likely through alterations in sensitivity of tissues to apoptosis

and increased life span [156]. Glaucoma is a chronic neurodegenerative disease.

For the treatment of glaucoma, lifelong antioxidative treatment would be necessary.

Safety of systemic administration of antioxidant for glaucoma patients should be

carefully evaluated in the future study. Topical administration of antioxidant seems

to be safer, more acceptable method for glaucoma patients. Drug delivery system

using eye drops, implants, liposomes, nanosphere, and contact lens would be better

way for antioxidant treatment for glaucoma. H2-loaded water is commercially

available and used as a supplement. H2-loaded eye drops may be a good candidate

for topical antioxidant delivery for glaucoma treatment.

4.7 Conclusion

Numerous reports suggest the association between oxidative stress and

glaucomatous optic neuropathy in human. A lot of in vivo and in vitro studies

show the promising neuroprotective effect of antioxidant treatment for

glaucomatous optic neuropathy. In a population-based epidemiological study,

some antioxidant vitamins such as vitamin C have neuroprotective effect for glau-

coma. However, lifelong systemic administration of antioxidant may cause unex-

pected complications including carcinogenesis. Topical administration of adequate

ROS scavengers may be a safe and an effective antioxidant treatment of glaucoma.
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Chapter 5

ER Stress

Masamitsu Shimazawa and Hideaki Hara

Abstract Glaucoma, an optic neuropathy resulting from retinal ganglion cell

(RGC) death, is one of the leading causes of blindness worldwide. The causes of

RGC death in glaucoma have been reported to arise from intraocular pressure,

dysregulation of ocular circulation, autoimmune diseases, and genetic predisposi-

tion and so on. However, its pathological mechanisms remain unclear. Recently, it

is focused on the involvement of endoplasmic reticulum (ER) stress in glaucoma.

The authors demonstrated, for the first time, that various types of cellular stress

induce ER stress before proceeding to RGC death. ER stress is caused by the

accumulation of misfolded or unfolded proteins within the ER lumen. The excess

ER stress leads to ER-stress-induced cell death, highlighting the possible mecha-

nisms of neurodegenerative diseases, such as Alzheimer disease, amyotrophic

lateral sclerosis, and Parkinson disease. This chapter introduces the involvement

of ER stress in retinal cell death causing glaucoma and its therapeutic strategy.

Keywords Endoplasmic reticulum stress • Glucose-regulated protein 78

• Unfolded protein response

5.1 ER Stress and Neurodegeneration

In chronic neurodegenerative disorders such as Alzheimer disease, Parkinson

disease, Huntington disease, and amyotrophic lateral sclerosis (ALS), abnormally

unfolded proteins are known to aggregate and accumulate in neurons, and they are

thought to be closely related to the initiation and development of these neurode-

generative diseases [1–3]. Recently, endoplasmic reticulum (ER) stress has been
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reported to induce neuronal cell death and, moreover, to play roles in neurodegen-

erative diseases [3]. ER stress is caused by a number of biochemical and physio-

logical stimuli that result in the accumulation of unfolded proteins in the ER lumen,

and it is closely associated with the neuronal cell injury caused by vascular and

neurodegenerative diseases such as stroke, Alzheimer disease, and Parkinson dis-

ease [1, 4, 5].

The ER is the cellular organelle in which secreted and transmembrane proteins

are newly synthesized, posttranslationally modified, and properly folded to func-

tion. Agents or conditions that adversely affect ER protein folding lead to an

accumulation of unfolded or misfolded proteins in the ER, a condition defined as

ER stress. ER stress activates signaling pathways, including the unfolded protein

response (UPR) that counteracts the effects of the original stress. The accumulation

of unfolded or misfolded proteins in the ER causes ER stress; a complex signal-

transduction cascade, known as UPR, is activated to cope with ER stress [2]. UPR is

mediated by three types of ER transmembrane proteins: inositol-requiring enzyme 1

(IRE1), RNA-dependent protein kinase-like ER eukaryotic translation initiation

factor 2α kinase (PERK), and activating transcription factor 6 (ATF6) [3], and the

expression of both glucose-regulated protein 78 (GRP78)/BiP and C/EBP-

homologous protein (CHOP) mRNAs is upregulated by the activation of these

pathways (Fig. 5.1). UPR activates at least four pathways. One major component

of the UPR is the elevated expression of molecular chaperones, such as GRP78/BiP,

GRP94, and calreticulin, to increase protein folding activity and prevent protein

aggregation [6]. Another component of UPR is the suppression of the protein

burden through the global inhibition of translation. PERK is the sensor protein of

UPR. The third component, ER-associated degradation, is extensive degradation of

unfolded proteins. The final pathway induced by ER stress, CHOP, triggers cell

cycle arrest and apoptosis [7]. ER stress can be induced by agents or conditions that

interfere with (a) protein glycosylation (e.g., glucose starvation, tunicamycin,

glucosamine), (b) disulfide-bond formation (e.g., DTT, homocysteine), (c) Ca2+

balance (A23187, thapsigargin, EGTA), and/or (d) a general overloading of the ER

with proteins (e.g., viral or nonviral oncogenesis) [3, 6, 8].

5.1.1 ER Stress and Retinal Ganglion Cell Death

Retinal ganglion cell (RGC) death is a common feature of many ophthalmic

disorders such as glaucoma, optic neuropathies, and retinovascular diseases, such

as diabetic retinopathy and retinal vein occlusions. RGC death has been reported to

occur via a variety of mechanisms involving, for example, oxidative stress [9],

excitatory amino acids [10], nitric oxide (NO) [11], and apoptosis [12]. Glutamate,

one of the excitatory amino acids, is the main neurotransmitter in the retinal

signaling pathway. Excessive glutamate increases both intracellular Ca2+ and NO

production through activation of the N-methyl-D-aspartate (NMDA)-type glutamate

receptor, resulting in retinal cell death [13, 14]. However, little is known about the
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role, if any, of ER stress in retinal damage. Recently, Uehara et al. [15] reported that

in primary cortical culture, even mild exposure of NMDA induces apoptotic cell

death. They demonstrated to be caused by an accumulation of polyubiquitinated

proteins and increases in X-box-binding protein (XBP-1) mRNA splicing and

CHOP mRNA, representing activation of the UPR signaling pathway. They also

found that protein-disulfide isomerase (PDI), which assists in the maturation and

transport of unfolded secretory proteins, prevented the neurotoxicity associated

with ER stress. They suggest that neurodegenerative disorders might be mediated

by S-nitrosylation of PDI, which would reduce its enzymatic activity. Their results

strongly suggest that the activation of ER stress may participate in the retinal cell

death occurring after NMDA-receptor activation and/or ischemic insult.

NMDA receptors may participate in the processes of excitotoxicity and neuronal

death in the retina [16, 17]. Previous studies have found that TUNEL-positive cells

can be observed in the retinal ganglion cell layer (GCL) and inner nuclear layer (INL)

of the mouse retina at an early stage (within 24 h) after an intravitreal injection of

NMDA [18, 19]. The hallmark of NMDA-induced neuronal death is a sustained

increase in the intracellular Ca2+ concentration accompanied by overactivation

of vital Ca2+-dependent cellular enzymes [20]. Thus, the signal-transduction
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Fig. 5.2 Expression and localization of XBP-1–venus fusion protein in ERAI mouse retinas after

various types of retinal damage. (a) Representative fluorescence photographs of increased XBP-1–

venus fusion protein in ERAI mouse flat-mounted retina after N-methyl-D-aspartate (NMDA),

intraocular pressure (IOP) elevation, or tunicamycin insult. The fluorescence (green) arising from
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pathways for NMDA-mediated cell death in the retina are well studied, but not yet

fully understood. To illuminate the role and distribution of ER stress in vivo, we

focused on the retina of ER-stress-activated indicator (ERAI) transgenic mice

carrying a human XBP-1 and venus, a variant of green fluorescent protein (GFP)

fusion gene, in which effective identification of cells under ER-stress conditions is

possible in vivo, as described in our previous report [21]. In flat-mounted retinas,

fluorescence arising from the XBP-1–venus fusion protein was detected following

various stimulations [tunicamycin, NMDA, and intraocular pressure (IOP) eleva-

tion] (Fig. 5.2). To our knowledge, this is the first report demonstrating that NMDA

and ischemic insult (elevating IOP), in addition to tunicamycin, can activate the

ER-stress signal (measured as the splicing of the XBP-1 and venus fusion gene in

ERAI transgenic mice) in the retina in vivo. Interestingly, ER stress was also

induced in the retina after a transient IOP elevation, defined as an ischemia–

reperfusion model. It has been reported that this model exhibits retinal cell damage

similar to that induced by NMDA and that both of these examples of damage are

protected against by dizocilpine, an NMDA-receptor antagonist, and by NO

synthetase-inhibitor treatment [13, 22]. Although little is known about the precise

mechanisms responsible for activation of ER stress after NMDA or IOP elevation

(ischemia–reperfusion), both stimuli cause intracellular Ca2+ overload and

increased NO production, resulting in apoptotic cell death. Several lines of study

suggest that intracellular Ca2+ overload and excessive production of NO deplete

Ca2+ in the ER, thereby resulting in ER stress [23, 24]. Uehara et al. [15] reported

that NO induces S-nitrosylation of PDI, an enzyme that assists in thematuration and

transport of unfolded secretory proteins and thereby helps to prevent the neurotox-

icity associated with ER stress. S-nitrosylated PDI exhibits reduced enzymatic

activity and induces cell death through the ER-stress pathway. These mechanisms

may contribute to the activation of ER stress in the retina after NMDA stimulation

or IOP elevation. Accordingly, our findings may provide important new insights

into the mechanisms underlying the retinal cell damage induced by NMDA and by

ischemia–reperfusion. In transverse retinal sections, we observed an increase in

fluorescence intensity within the cells of the GCL and IPL at 12 and 24 h, respec-

tively, after NMDA injection. The cells displaying increased fluorescence were

ganglion cells (at 12 h after the injection), amacrine cells in IPL (at 24 h), and

⁄�

Fig. 5.2 (continued) XBP-1–venus fusion protein was observed under an epifluorescence micro-

scope. The scale bar represents 25 μm. (b) Distribution of increased XBP-1–venus fusion protein

in retinal cross sections from ERAI mice after NMDA injection at 40 nmol/eye. The distribution of

fluorescence (green) arising from XBP-1–venus fusion protein was observed under a laser

confocal microscope. Each large box shows an enlargement of the area within the corresponding

small box. (c) Localization of XBP-1–venus fusion protein in ERAI mouse retina after NMDA

injection. In the retinal nerve fiber layer (upper panels), Thy-1-positive cells (red) can be seen to

merge with XBP-1–venus fusion protein (green). In the middle panels, OX-42 (a microglia

marker)-positive cells (red) are partly merged with XBP-1–venus fusion protein (green). In the

inner plexiform layer (lower panels), HPC-1 (an amacrine marker)-positive cells (red) are merged

with XBP-1–venus fusion protein (green). Modified from Shimazawa et al. [95]
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microglia in GCL (at 72 h). These data indicate that ganglion cells may be more

sensitive to ER stress than the other retinal cells examined. To further clarify the

participation of ER stress, we examined the changes in GRP78/BiP and CHOP in

the retina after NMDA-induced injury. We found (a) that NMDA induced

GRP78/BiP proteins in the retina at 12 h after its injection (on the basis of

immunoblots) and (b) that NMDA induced both GRP78/BiP and CHOP in the

retina (especially within retinal ganglion cells and INL) at 12 h after its injection

(on the basis of our immunostaining results). The expression of the CHOP gene

reportedly increases in the rat retina after intravitreal injection of NMDA [25].

Furthermore, Awai et al. [26] found that treatment with MK-801, an NMDA-

receptor antagonist, inhibited the increases in CHOP mRNA and protein in the

mouse retina that are observed after intravitreal injection of NMDA and moreover

that CHOP-deficient mice were resistant to NMDA-induced retinal damage. How-

ever, CHOP-deficient mice partially suppressed the NMDA-induced cell death, and

therefore other pathways, such as mitochondrial dysfunction, may be engaged in

the retinal cell death. Collectively, the above results indicate that NMDA can cause

ER stress in the retina and that the neurotoxicity induced by NMDA is due in part to

amechanism dependent on CHOP protein induction through excessive ER stress. In

conclusion, we have identified a close association between ER stress and retinal

damage, and these results suggest that the ER-stress-signal pathway might be a

good target in the treatment of retinal diseases.

5.1.2 ER Stress in Glaucoma

Glaucoma is a multifactorial optic neuropathy characterized by RGC death [27].

This irreversible RGC death results in progressive visual field loss along with

decreased color sensitivity and contrast [28]. Although RGC death can be observed

in patients with normal ocular tension [29], if genetic, environmental, and other

factors are involved [30], elevated IOP is a recognized risk factor for RGC

degeneration in glaucoma. At present, the only well-established treatment of

glaucoma involves lowering the IOP; however, visual field loss continues to

progress in a subset of glaucoma patients even if medical and surgical treatments

successfully lower the IOP [31]. Thus, new approaches to treating glaucoma, such

as directly preventing RGC death, have been required in addition to regulating IOP,

but the associated pathological mechanisms remain unclear. Therefore, further

studies will be needed to clarify the precise mechanisms in glaucoma pathogenesis.

Previous studies suggest that there is a significantly higher rate of glaucoma

occurrence among patients with Alzheimer disease (AD), the most common form of

dementia, than control subjects, suggesting a possible relationship between these

two diseases [32]. Briefly, Bayer et al. [32] noted that Alzheimer’s patients had a

greater rate of glaucoma occurrence (25.9 %) than a control group (5.2 %). Subse-

quently, we reported (a) that the concentrations of Aβ1–42 and tau were decreased

and increased, respectively, in vitreous fluid from patients with glaucoma and
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diabetic retinopathy (vs. macular hole controls) [33], (b) that in AD transgenic mice

(Tg2576/PS1 mutant), there was a significant decrease in the visual function [34],

and (c) that β-secretase inhibitors reduced glutamate-induced cell death in rat

primary cultured retinal ganglion cells [35]. On the other hand, a chronic elevation

of IOP induces Aβ in RGCs in experimental rat glaucoma [30]. This result is

consistent with some reports on experimental glaucoma models of rats [36] and

mice [37]. Furthermore, Guo et al. [36] reported that neutralizing antibody to Aβ
significantly delays and attenuates RGC apoptosis in experimental glaucoma. These

findings indicate that Aβ1–42 neurotoxicity as AD brain may be involved in RGC

death in glaucoma; however, the study by Guo and colleagues [36] did not use

primate, but rodents (mouse and rat) for the study of experimental glaucoma.

Recently, we found that the expression of Aβ1–42 was increased in the retina and

the optic nerve head (ONH) of monkeys with experimental glaucoma [38]. Thus,

accumulations of Aβ in the retina and ONH may be involved in glaucoma patho-

genesis. So far, many researchers [39–42] reported that the accumulation of Aβmay

be associated with ER stress in the brains of AD model mice and AD patients;

therefore, ER stress may be closely related to RGC death in glaucoma. Doh

et al. [43] investigated whether ER stress induced RGC death in chronic ocular

hypertension, one of the RGC death mechanisms, using an experimental glaucoma

rat model and demonstrated that GRP78/BiP, p-PERK, and CHOP were signifi-

cantly expressed in the retina with chronic IOP elevation. This finding strongly

suggests that ER stress is involved in RGC death in glaucoma, and the PERK–p-

eIF2α–CHOP pathway plays a role in the RGC death associated with ER stress.

Recently, Yang et al. [44] reported that the expression of various ER-resident

proteins, including GRP78/BiP and PDI, and ER sensor proteins detecting UPR

including ATF6 and IRE1 was increased in the retina of glaucoma patients. These

findings strongly supported the involvement of ER stress in glaucoma pathogenesis,

but further studies will be needed to demonstrate it.

5.1.3 ER Stress in Lateral Geniculate Nucleus of Glaucoma

Recent evidence indicates that glaucomatous damage extends from the retina to the

visual center of the brain, including the lateral geniculate nucleus (LGN) and the

primary visual cortex [45–47]. In particular, neuronal damage in the LGN in

monkey glaucoma models can be detected in the early phase (the first few weeks)

after IOP elevation [48–50]. Furthermore, relay neurons, a type of LGN neuron that

proceed to synapse in the visual cortex, were more vulnerable than the other types

of LGN neurons after IOP elevation [51, 52]. In addition, most of the degenerative

and compensatory changes in the LGN occur in the relay neurons after total

deafferentation [53, 54]. Therefore, protecting relay and retinal neurons may be

effective in preventing blindness in glaucoma cases because visual information

entering the eye is processed in the retina and then transmitted to the LGN, from

where signals are relayed to the visual cortex.
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In the LGN, the relay neurons predominately express the NMDA receptor [55–

58]. In glaucoma models, excessive activation of this receptor leads to an overload

of intracellular Ca2+ [59, 60]. Such elevations in Ca2+ elicit the activation of NO

formation through NO-synthase activation [15, 61–63]. NO induces S-nitrosylation

of PDI and inhibits its enzymatic activity as described in Sect. 5.1.1 [15]. As a

consequence, this leads to excess accumulation of misfolded or unfolded proteins

within the ER that may lead to ER-stress-induced cell death via the p-eIF2α–CHOP
signal pathway [15, 64–66]. The involvement of ER stress in relay neuronal atrophy

and death within the LGN via the NMDA–Ca2+–NO synthase/NO pathway after

IOP elevation supports our results: memantine, an NMDA antagonist, and

lomerizine, a Ca2+ channel blocker, reduced neuronal atrophy in the LGN after

retinal damage [60, 67]. Furthermore, we demonstrated that TUNEL-positive

apoptotic cells and the production of ER-stress-related proteins were increased in

LGN neurons of glaucoma monkeys [68]. Regarding the localization of ER-stress-

related proteins, parvalbumin-positive relay neurons in the LGN layers connected

to the eye with elevated IOP were found to express p-eIF2a and CHOP at 11–

24 weeks after chronic IOP elevation. Delayed neuronal death in these regions

progressed gradually following RGC axon loss by IOP elevation. As expression of

the ER-stress-related proteins measured here may be detected before dying cells at

each sampling point (i.e., at 4, 11, 15, and 24 weeks after IOP elevation), the

number of cells positive for ER-stress markers may be relatively low in comparison

with the number (and extent) of parvalbumin-positive relay neuron loss in the LGN.

The total number of detectable neuron loss in the LGN, but not cells positive for

ER-stress markers, increased during the study period. Therefore, the number of ER-

stress-positive cells in the LGN at each sampling point may be smaller than those

undergoing neuronal cell death. In this context, it is noteworthy that the timing of

the upregulation of p-eIF2α and CHOP proteins coincided with the timing of the

decrease in neuronal cells during the study period and these ER-stress-related

proteins were co-localized with parvalbumin-positive relay neurons. Furthermore,

the increase in polyubiquitinated proteins was preceded by an increase in TUNEL-

positive cells in the LGN after the laser photocoagulation treatment during the

study period. These findings indicate that excessive ER stress (caused by the

accumulation of misfolded or unfolded proteins) induces LGN neuronal death via

the activation of the ER-dependent apoptotic pathway, suggesting that the

ER-stress pathway may play an important role in LGN neuronal death after IOP

elevation. On the other hand, an increase in GRP78/BiP was not detected in the

LGN after IOP elevation during the study period as assessed by immunostaining

(data not shown). A possible explanation for this observation is a direct cytotoxic

effect of p-eIF2α [69] and activation of the caspase-3 pathway [70–72], whereby

p-eIF2α directly mediates apoptosis in response to activation of the double-stranded

RNA-dependent protein kinase (PKR). In fact, we have previously shown that

inhibition of PKR activation was neuroprotective against ER-stress-induced RGC

death [73]. Although GRP78/BiP expression requires further studies, the present

data suggest that impaired induction of antiapoptotic GRP78/BiP is accompanied

by a strong induction of proapoptotic signal in the ER, indicating a signal imbalance

74 M. Shimazawa and H. Hara



leaning toward cell death. We have previously shown that a preferential inducer of

GRP78/BiP exhibited the potential to be a therapeutic agent for ER-stress-induced

retinal diseases [74–76]. In conclusion, the present study indicates that ER stress

may be involved in LGN neuronal death after IOP elevation and the upregulation of

p-eIF2α and CHOP protein levels in the parvalbumin-positive relay neurons may

play roles in the cell death process induced by high IOP in monkey. These findings

also indicate that ER stress induced by retinal damage may play a pivotal role in the

pathogenesis of the blindness caused by retinal diseases such as glaucoma.

5.1.4 ER Stress Targeting Agents for Neuroprotection
in Glaucoma

GRP78/BiP, a highly conserved member of the 70 kDa heat-shock protein family, is

one of the chaperones localized to the ER membrane [23, 77], and it is a major

ER-luminal Ca2+-storage protein [78, 79]. GRP78/BiP works to restore folding in

misfolded or incompletely assembled proteins [80–82], the interaction between BiP

and misfolded proteins being dependent on its hydrophobic motifs [83–85]. Proteins

stably bound to BiP are subsequently translocated from the ER into the cytosol,

where they are degraded by proteasomes [86, 87]. Previous reports have show that

induction of BiP prevents the neuronal death induced by ER stress [88–91]. Hence,

a selective inducer of BiP might attenuate ER stress and be a new, useful thera-

peutic agent for the treatment of ER-stress-associated diseases. This seemed an

interesting idea, and we recently identified BiP inducer X (BIX, Fig. 5.3) while

screening for low-molecular-mass compounds that might induce BiP using high-

throughput screening with a BiP reporter assay system (Dual-Luciferase Reporter

Assay; Promega Corporation, Madison, WI) [74]. We found that BIX preferentially

induced BiP mRNA and protein in SK-N-SH cells and reduced tunicamycin-

induced cell death. Intracerebroventricular pretreatment with BIX reduced the

infarction size after focal cerebral ischemia in mice. In view of the retinal research

described above, we wondered whether BIX might reduce the retinal ganglion cell

loss and CHOP expression induced by tunicamycin or NMDA treatment.

BIX preferentially induced GRP78/BiP mRNA in RGC-5 (a retinal precursor

cell line) [76]. Although it also induced GRP94, calreticulin, p58IPK, and ASNS,

these inductions were lower than that of GRP78/BiP. This is consistent with our

previous study that BIX preferentially induced BiP with slight inductions of

GRP94, calreticulin, and CHOP mediated by the ATF6 pathway accompanied by

HO

HO SCN
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Fig. 5.3 Chemical

structure of

1-(3,4-dihydroxyphenyl)-2-

thiocyanate-ethanone (BIX)
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activation of ERSEs and that BIX does not affect the pathway downstream of IRE1

or the translational control branch downstream of PERK in SK-N-SH cells

[74]. Therefore, BIX is not just an ER stressor such as tunicamycin or thapsigargin,

and we consider that the induction of GRP78/BiP by BIX is mediated by the ATF6

pathway in RGC-5 similar to that in SK-N-SH cells. Next, we evaluated the effects

of BIX, as a preferential inducer of GRP78/BiP, on ER-stress-induced in vitro cell

death in RGC-5 and in vivo retinal damage in mice. BIX reduced tunicamycin-

induced cell death in RGC-5 and also reduced both tunicamycin-induced and

NMDA-induced retinal damage in mice [76]. Our previous study revealed that

BIX (a) reduced tunicamycin-induced cell death in SK-N-SH cells, (b) contributed

to the induction of GRP78/BiP expression via the ATF-6 pathway (but not via the

PERK or IRE1 pathways), and (c), on intracerebroventricular injection, prevented

the neuronal damage induced by focal ischemia in mice [74]. Furthermore,

immunostaining revealed that intravitreal injection of BIX significantly induced

GRP78/BiP protein in mouse retina. On the other hand, there was little protective

effect of BIX against RGC-5 damages after staurosporine treatment. Staurosporine

is well known as a nonspecific inhibitor of protein kinases and initiates caspase-

dependent apoptosis in many cell types [92, 93]. Our previous studies revealed that

staurosporine induced cell death without any changes in the expression of BiP or

CHOP protein [73, 94]. Furthermore, a preliminary study showed that treatment

with BIX (1 and 5 μM) did not inhibit RGC-5 cell death 48 h after serum

deprivation, which does not induce any UPR responses such as BiP or CHOP

(unpublished data). These results strongly support that BIX selectively protects

cell damage induced by ER stress. Recently, we reported that in mice, increased

expressions of XBP-1 splicing, BiP, and CHOP could be detected after the induc-

tion of retinal damage by tunicamycin, NMDA, or an elevation of IOP [95]. That

report was the first to demonstrate an involvement of ER stress and BiP in retinal

cell death in mice. Hence, we asked whether BIX can prevent such retinal damage.

By histologic analysis and TUNEL staining, we estimated that BIX reduced

tunicamycin-induced retinal damage. Furthermore, we used Thy-1–CFP transgenic

mice to examine the effect of BIX in a large retinal area [96]. This transgene

contains a CFP gene under the direction of regulatory elements derived from the

mouse Thy-1 gene, and the transgenic mice express CFP protein in RGC and in the

inner part of the IPL of the retina [96]. BIX exerted protective effects against

tunicamycin-induced retinal damage in the Thy-1–CFP transgenic mice (Fig. 5.4)

and NMDA-induced retinal damage in ddY mice. NMDA is well known to induce

RGC death and optic nerve loss (effects mediated by excitatory glutamate recep-

tor), and such neuronal death is believed to play a role in many neurologic and

neurodegenerative diseases [14, 97]. Uehara et al. [15] noted that mild exposure to

NMDA induced apoptotic cell death in primary cortical culture, and they demon-

strated this effect to be caused by an accumulation of polyubiquitinated proteins

and increases in XBP-1 mRNA splicing and CHOP mRNA (reflecting activation of

the UPR signaling pathway). They also found that PDI, which assists in the

maturation and transport of unfolded secretory proteins, prevented the neurotoxic-

ity associated with ER stress. These findings suggested that activation of ER stress
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may participate in the retinal cell death occurring after NMDA-receptor activation

and/or an ischemic insult [15]. BIX also attenuated the CHOP protein expression

induced by either tunicamycin or NMDA in the mouse retina in vivo. As mentioned

above, BIX may affect CHOP protein expression through ATF6 pathway, but no

change was observed in BIX-treated RGC-5. In SK-N-SH cells, BIX slightly

increased CHOP mRNA only at 2 h after the treatment. Expression of CHOP is

mainly regulated by three transcription factors—ATF4, cleaved ATF6, and

XBP-1—which are downstream effectors during ER stress in similar to other ER

chaperones. These differences between BiP and CHOP expression by BIX may be

due to the difference of their promoters. CHOP promoter contains at least two

ERSE motifs (CHOP ERSE-1 and CHOP ERSE-2) located in opposite directions

with a 9 bp overlap, and one of ERSEs is inactive [98]. On the other hand, BiP

promoter has three functional ERSE motifs of the rat GRP78/BiP promoter (ERSE-

163, ERSE-131, and ERSE-98) [99]. These variations in each promoter may

contribute to the differences among the expressions of ER chaperons induced by

BIX and the lack of CHOP expression.

Fig. 5.4 Effects of BIX on retinal damage induced by intravitreal injection of tunicamycin

(Tm) in Thy-1–CFP transgenic mice. Mouse retinas (flat mounts) at 7 days after intravitreal

injection of (a) vehicle, (b) BIX (5 nmol), (c) Tm (1 μg), or (d) Tm (1 μg) plus BIX (5 nmol).

Damage was evaluated by counting Thy-1–CFP-positive cell numbers in the four white areas
shown in (e) (each area 0.144 mm2� 4 areas; total 0.576 mm2) at 7 days after the above intravitreal

injections. (f) Effect of BIX against Tm-induced damage (indicated by decreased number of

Thy-1–CFP-positive cells) at 7 days after intravitreal injection. Data are shown as mean� SE

(n¼ 9 or 10). *P< 0.05 versus tunicamycin alone. Scale bar represents 25 μm. Modified from

Inokuchi et al. [76]
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In conclusion, we have demonstrated that BIX, a preferential inducer of BiP,

inhibits both the neuronal cell death induced by ER stress in vitro in RGC-5 cells

and in vivo in the mouse retina. Hence, an increase in BiP might be one of the

targets of mechanisms bestowing neuroprotection in retinal diseases.
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Chapter 6

Nitric Oxide Contributes to Retinal Ganglion
Cell Survival Through Protein
S-Nitrosylation After Optic Nerve Injury

Yoshiki Koriyama and Satoru Kato

Abstract Neuroprotective strategies to attenuate retinal ganglion cell (RGC) death

could lead to novel therapies for chronic optic neuropathies such as glaucoma.

Nitric oxide (NO) signaling results in both neurotoxic and neuroprotective effects

in CNS neurons after nerve lesion. However, the functional mechanisms of NO in

the nervous system are not fully understood. Protein S-nitrosylation by NO is a

posttranslational modification that regulates protein function through the reaction

of NO with a cysteine thiol group on target proteins. NO/S-nitrosylation is now

thought to be important in regulating cell death, survival, and gene expression.

However, there are few reports on the role of protein S-nitrosylation in glaucoma.

Therefore, we investigated the role of protein S-nitrosylation signaling in RGC

survival after optic nerve injury.

Keywords Glaucoma • Keap1 • Nitric oxide • Nrf2 • Retinal ganglion cell

• S-nitrosylation

6.1 NO Signaling in Glaucoma

6.1.1 Nerve Injury Model of Glaucoma in Rodents

Glaucoma is a neurodegenerative disorder characterized by the progressive loss of

retinal ganglion cells (RGCs) and by degeneration of optic axons. Elevated intra-

ocular pressure is considered to be one of the major risk factors associated with this
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neuropathy [1]. However, in some glaucomatous patients, loss of RGCs and a

subsequent loss of vision can occur even with normal intraocular pressure.

Although the causes of glaucoma are unclear, the various pathogenetic mechanisms

of glaucoma result in the common end stage of RGC apoptosis. For example,

almost 90 % of RGCs die within 2 weeks after optic nerve injury [2]. In particular,

oxidative stress and nitrative stress appear to play important roles in this progres-

sive neuronal death. Eye tissue uses four times more oxygen than brain tissue and

thus is highly exposed to various reactive oxygen species (ROS) including hydro-

gen peroxide, hydroxyl radicals, and superoxide anions. Consequently, eye tissue

contains very high amounts of antioxidants, such as superoxide dismutase, catalase,

ascorbate, and vitamins [3]. In the pathogenetic stages of RGC death, increasing

intracellular ROS generation has been reported to accompany glutathione depletion

[4]. Evidence also indicates that there are reductions in endogenous antioxidants in

aging and induction of lipid peroxidation [5]. On the other hand, mechanical injury

of axons, and thereby a lack of neurotrophins being supplied to RGC bodies, is one

of the mechanisms proposed for the retrograde degeneration of RGCs following

optic nerve injury [2]. RGC death after nerve injury is mostly caused by apoptosis

associated with upregulation of proapoptotic Bax and downregulation of

antiapoptotic Bcl-2 and Bcl-xL [6]. As RGC cell loss and optic nerve degeneration

in the crush injury model mimics many of the features of glaucoma, we use this

model to study the mechanisms of RGC survival and/or axonal regeneration [7].

Nitric oxide (NO) levels also increase in many retinal cells within a few days of

optic nerve damage [8]. Many reports suggest that excess NO plays a crucial role in

neuronal cell death. However, NO can also prevent neuronal cell death. In general,

NO mediates neuroprotection through two main signaling pathways: the NO/cyclic

guanosine monophosphate (cGMP) pathway and the protein S-nitrosylation path-

way. However, whether S-nitrosylation of target protein promotes RGC survival

after injury is unknown. This is the focus of this review.

6.1.2 Role of Three Isoforms of Nitric Oxide Synthase
in Glaucomatous Retina

NO is an important signaling molecule that regulates a range of physiological pro-

cesses, including vasodilatation, neuronal function, inflammation, and immune func-

tion [9]. NO is an organic gas ubiquitously synthesized by NO synthase (NOS). In

mammalian cells, NOS is subclassified into three types: brain or neuronal NOS (nNOS

or NOSI), inducible NOS (iNOS or NOSII), and endothelial NOS (eNOS or NOSIII).

The function of NO is different depending on the cell type and enzyme isotype.

nNOS may be involved in neurotransmission by creating retrograde signaling

between synapses. At synapses, nNOS is coupled to N-methyl-D-aspartate receptors

(NMDA-R) via postsynaptic density-95 protein complexes [10]. Upon glutamate

stimulation of NMDA-R, calcium ions enter the cytoplasm through the ion channel.

86 Y. Koriyama and S. Kato



In conjunction with calmodulin, calcium ion influx triggers nNOS activation and

NO generation [11]. Low levels of NO (picomole order) that are produced under

physiological conditions stimulate many normal intracellular signaling pathways.

In contrast, overstimulation of NMDA-R and subsequent calcium ion influx pro-

mote pathological signaling, resulting in neural damage and death through produc-

tion of toxic amounts of NO [12]. Increased expression of nNOS in the retina and

optic nerve head was reported in rats with elevated intraocular pressure. Most

axotomized RGCs express nNOS protein, and these cells degenerate within

2 weeks after optic nerve injury [13]. Excessive NO generated from injured

RGCs might be one risk factor for RGC cell death in glaucoma.

iNOS can be upregulated by acute inflammatory stimuli. For example, neuro-

toxic levels of NO (nanomole order [14]) via iNOS induction in activated glial cells

give arise various neurodegenerative diseases. NO will further oxidize to nitrite,

peroxynitrite, and free radicals to highly interact with thiols and iron–sulfur centers

of various enzymes [14] to alter the biological function of cells and result in

apoptosis, neurotoxicity, optic nerve degeneration, and numerous eye diseases. It

has been reported that glaucoma could be due to neurotoxic effects of NO at the

optic nerve head and in the RGCs which results in optic nerve head degeneration

and visual field loss [15]. Inducible NOS was triggered by ocular inflammation,

LPS, endotoxin, or cytokines including tumor necrosis factor α (TNFα) and

interleukin-1 or interleukin-6 [16]. Therefore, one possibility for the treatment of

glaucoma could be the use of inhibitors of iNOS induction and/or its activity. In the

retina, Müller glial cells can express the iNOS isoform after endotoxin and cytokine

exposure [17]. Retinal pigment epithelium (RPE) cells also contain iNOS in various

species [18]. Goureau et al. [19] reported that fibroblast growth factors (FGFs) and

transforming growth factor β (TGFβ) have opposite effects on the regulation of the

production of NO in RPE cells. FGFs inhibit the induction of iNOS at the tran-

scriptional level. Conversely, TGFβ frequently acts as an immunosuppressor. TGFβ
attenuates NO production in human and rat RPE and Müller glial cells [20]. These

molecules might be candidates to reverse or treat NO-related glaucoma. On the

other hand, upregulation of TNFα and TNFα receptor-1 expression was accompa-

nied by progressive optic nerve degeneration in the glaucomatous optic nerve head

[21]. It has been reported that TNFα contributes to the progression of optic nerve

degeneration by inducing iNOS expression in glial cells. Thus, the TNFα inhibitor

etanercept or other antagonists of TNFα or suppressors of inflammation could be

considered as therapeutic tools against glaucoma [22].

The major function of eNOS is vasodilation, by regulating vascular smooth

muscle relaxation. Immunoreactivity of eNOS is seen in the retinal vascular

endothelial cells, choroid and retina [23]. In glaucomatous eyes, overexpression

of nNOS and iNOS is linked to glaucomatous RGC apoptosis through increased

levels of NO, while enhanced staining for eNOS is assumed to be a compensatory

neuroprotective reaction [24]. Furthermore, no significant changes in eNOS expres-

sion have been observed in the chronic glaucoma model.

The reagents that can regulate NO levels in the retina could become a reasonable

neuroprotective agent for treating glaucoma.
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6.1.3 Anti- and Proapoptotic Mechanisms by NO
and Protein S-Nitrosylation

Because NO is a free gas, it can easily penetrate the biological membrane. Super-

oxide radical shows a high affinity toward NO. The reaction between NO and

superoxide anion produces peroxynitrite [25], a highly reactive molecule that can

cause extensive damage to proteins, lipids, and DNA molecules. Furthermore, NO

can react with thiols, organosulfur compounds containing a carbon-bonded sulfhy-

dryl (–C–SH or R–SH) group. Some actions of NO, including neurotransmission

and vasodilation, are mediated via the activation of soluble guanylate cyclase and

subsequent elevation of cGMP levels [26]. Other actions of NO are mediated via

S-nitrosylation of the free cysteine SH group of proteins and regulate their activities

when cysteines are present at their active site [26].

Since Jafferey and Snyder discovered the “biotin-switch assay” for protein

S-nitrosylation [27], nearly 1,000 proteins have been identified as S-nitrosoproteins.
The biotin-switch assay consists of four steps (Fig. 6.1):

• Step 1—the methylthiolation of free cysteine thiols with methyl

methanethiosulfonate.

• Step 2—the reduction of SNO bounded to thiols with reductant.

• Step 3—newly reformed cysteines are reacted with biotin-conjugated thiol-

modifying reagent.

• Step 4—target biotinylated proteins are collected by avidin-coupled reagents.

S-nitrosylation can mediate either neuroprotective or neurotoxic effects,

depending on the action of the target protein [28]. For the neuroprotective effect,

S-nitrosylation of caspases inhibits their activation. Most caspases contain a single

cysteine at their catalytic site, which is susceptible to redox modification and can be

effectively modified by S-nitrosylation in the presence of NO with subsequent
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inhibition of enzyme activity [29]. S-nitrosylation has been shown to reduce the

activity of caspases such as caspase-3, caspase-8, and caspase-9 in various types of

neurons [30]. These results indicate that endogenous NO generated by NOS exerts

an antiapoptotic function by S-nitrosylation-dependent inactivation of caspases. In

contrast, another target protein of S-nitrosylation promotes activation of caspases

and induces cell death. Caspase activation during NO stimulation also occurs as a

result of downregulation of X-linked inhibitor of apoptosis protein (XIAP)

[31]. Under normal conditions, XIAP efficiently binds to the catalytic sites of

caspases and inhibits them [32]. However, NO inactivates the E3 ligase activity

of XIAP through S-nitrosylation, thus stabilizing caspases [33]. On the other hand,

various S-nitrosylated target proteins are also involved in cell death signaling. For

example, NO S-nitrosylates glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

and binds to Siah, an E3 ubiquitin ligase [34]. Inside the nucleus, S-nitrosylated

GAPDH stabilizes Siah, and the complex facilitates ubiquitination and degradation

of the nuclear coreceptor [35]. This mechanism is thought to regulate gene expres-

sion associated with cellular dysfunction and death [36]. Recent studies have shown

unregulated S-nitrosylation of many proteins involved in neuronal death and

neurodegenerative disorders, such as Parkin [37], protein disulfide-isomerase

(PDI) [38], and phosphatase and tensin homologue deleted on chromosome

10 (PTEN) [39, 40]. The target S-nitrosylated proteins for cell death or cell survival

are listed in Table 6.1. In the future, there might be new targets that could be used

for the treatment of glaucoma.

Table 6.1 S-nitrosylated proteins targeting for cell survival/death

Functions Name References

Cell survival/death 14-3-3 [41]

Apoptosis signal-regulating kinase 1 [42]

Bcl-2 [43]

Caspases [30]

Cyclin-dependent kinase 5 [44]

Cyclooxygenase-2 [45]

Dynamin-related protein 1 [46]

Erk [47]

Fas [48]

GAPDH [34]

GOSPEL [49]

Keap1 [50, 51]

Matrix metalloproteinase 9 [52]

Parkin [37]

Peroxiredoxin2 [53]

PTEN [39, 40]

STAT3 [54]

X-linked inhibitor of apoptosis protein [55]
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6.2 Antioxidative Effects of NO Through Keap1
S-Nitrosylation Signaling in RGCs

6.2.1 Protective Effects of Nip Against Oxidative Stress

Although a growing number of S-nitrosylated proteins are reported to contribute to

pathogenetic brain disease, there are few such reports for retinal diseases. There-

fore, we studied the role of protein S-nitrosylation by NO in RGC survival and

axonal regeneration after optic nerve injury [50, 51, 56–58]. Many chemicals such

as glyceryl trinitrate, sodium nitroprusside, and S-nitrosothiols have been reported

as NO donors [59]. Recently, novel hybrid NO donor drugs have been designed as

NO-releasing compounds such as NO–NSAIDS and nipradilol (Nip), which already

has been registered as an antiglaucoma agent in Japan. Nip acts as a vasodilator by

releasing NO from the nitroxy moiety [60]. Nip lowers intraocular pressure via both

selective α1-adrenoceptor and nonselective β-adrenoceptor antagonists. The pro-

tective effects of Nip have been shown in various neuronal cells [61] including

RGCs [62]. Mizuno et al. demonstrated that the protective effects of Nip were NO

dependent because both selective α1- and nonselective β-adrenoceptor antagonists
had no effect on RGCs [63]. However, the detailed mechanism of NO-dependent

protection is not clear. Several lines of evidence indicate that NO can suppress RGC

cell death [64] through an NO/cGMP-dependent pathway [65]. Furthermore,

Tomita et al. [66] reported that the beneficial effect of Nip on RGC cell death

was partially cancelled by inhibiting protein kinase G. Moreover, Naito [67]

reported that Nip attenuates hydrogen peroxide-induced lipid peroxidation. Thus,

we wanted to know whether the neuroprotective action of Nip is mediated by

antioxidative processes via a NO/cGMP- or a NO/S-nitrosylation-dependent mech-

anism. In addition, as Nip did not S-nitrosylate caspase-3 under our experimental

conditions, we focused on the possibility of Kelch-like ECH-associated protein

1 (Keap1) S-nitrosylation to understand its antioxidative action.

The Keap1 and NF-E2-related factor 2 (Nrf2) pathways regulate the expression

of cytoprotective genes in response to oxidative stress or electrophilic stress

[68]. Keap1 is the redox-sensor protein that allows the activation of Nrf2 by

modification including oxidation or S-nitrosylation [69]. Once activated, Nrf2

translocates from the cytosol to the nucleus, binds to the antioxidant responsible

element (ARE) of target genes, and drives their expression of antioxidative heme

oxygenase-1 (HO-1), NAD(P)H:quinone oxidoreductase-1 (NQO-1), and gluta-

mate cysteine ligase C (GCLC). Keap1 sensor protein contains 27 cysteine residues.

Several analyses have identified multiple Keap1 cysteine residues to be involved in

the reaction with oxygen or electrophiles. The most frequently reported targets are

Cys151, Cys257, Cys273, Cys288, Cys297, and Cys613 [70, 71]. However, there

are notable differences between laboratories, electrophilic probes, and species.

Interestingly, NO activates the Keap1/Nrf2 pathway by S-nitrosylation of Keap1

protein in colon carcinoma cells [72]. Two reactive cysteines, Csy273 and Cys288,

of Keap1 have been identified as key sites of translocational activity of Nrf2 [73].
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Thus, we focused on the neuroprotective mechanism of Nip thorough Keap1

S-nitrosylation.

We first tested whether Nip could induce NO generation in a retinal ganglion cell

line: RGC-5 [51]. Nip (20 μM) significantly increased (1.6-fold) fluorescence

intensity of NO indicator compared to no treatment (control) within 1 h of treat-

ment. Denitro-nipradilol (DeNip) has weak selective α1-adrenoceptor and

nonselective β-adrenoceptor antagonist properties, but no NO-donating action.

DeNip did not increase NO production in RGC-5 cells.

To evaluate the protective action of Nip against oxidative stress in RGC-5 cells,

we used oxidative stress models in culture with hydrogen peroxide, tBOOH, and

serum withdrawal. Charles et al. [74] studied the signaling cascades involved in

RGC-5 cell death under serum deprivation. They demonstrated that serum depri-

vation increases malondialdehyde and decreases reduced glutathione. Furthermore,

several groups have already reported that serum deprivation produced ROS in

RGC-5 cells [75]. While pretreatment with Nip 4–6 h before oxidative stress

exposure showed the maximum protective effect, no protective effect was observed

when Nip was applied to RGC-5 0–2 h before oxidative stress stimulation. Another

NO donor, NOR1, also showed protective effects against oxidative stress

[50]. These protective effects were reversed by a NO scavenger. The protective

effects of Nip were suppressed by the protein synthesis inhibitor cycloheximide. In

contrast, DeNip did not show any neuroprotective effect against oxidative stress.

6.2.2 NO/S-Nitrosylation-Dependent Antioxidative
Protein Induction by Nip

As the protective effect of Nip was dependent upon newly synthesized proteins, we

tested the inducibility of antioxidative enzymes in RGC-5 cells. After 4 h of Nip

treatment, we found that heme oxygenase-1 (HO-1) mRNA and protein had

increased in RGC-5 cells. HO-1 [76] is an enzyme that degrades intracellular

heme to free iron, carbon monoxide, and biliverdin. Bilirubin, converted from

biliverdin, acts as a strong endogenous ROS scavenger and attenuates lipid perox-

idation related to 4-hydroxy-2-nonenal (4HNE). Other antioxidative proteins, such

as NQO-1 and GCLC, did not increase for up to 12 h after treatment of Nip. DeNip

did not alter HO-1 expression. These results indicate that the protective effect of

Nip is dependent on NO. An HO-1 inhibitor prevented the neuroprotective effect of

Nip against oxidative stress. The data indicate that the neuroprotective action of Nip

is caused by NO generation following antioxidative HO-1 expression.

To test the involvement of the Keap1/Nrf2 system in the Nip-induced increase in

HO-1 expression, we analyzed the translocation of Nrf2 to the nucleus. Nip

facilitated the translocation of Nrf2 into the nucleus. Both a NO scavenger and an

S-nitrosylation blocker (dithiothreitol) inhibited nuclear translocation of Nrf2 by

Nip. Furthermore, translocated Nrf2 was bound to the E1 enhancer of HO-1

promoter as an ARE site [50]. These results suggest that Nip-mediated translocation
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of Nrf2 to the nucleus is dependent on NO/S-nitrosylation pathways. We further

investigated the effects of the NO scavenger and S-nitrosylation blocker on HO-1

induction by Nip. As expected, the increase in HO-1 was blocked by both reagents.

By using the biotin-switch assay, we determined that Nip increased S-nitrosylated

Keap1 but not caspase-3.

To extend the protective effect of Nip in vivo, we used an optic nerve injury

model in mice. Nip suppressed the final products of lipid peroxidation: 4HNE

accumulation mediated by inducing HO-1 expression in RGCs after nerve injury.

Finally, RGC death after nerve injury was reduced by Nip. These results demon-

strate for the first time that Nip protects RGC death against oxidative stress both

in vitro and in vivo through the induction of HO-1 by S-nitrosylation of Keap1

(Fig. 6.2). This novel neuroprotective action of Nip in RGCs may shed additional

light on possible antiglaucomatous agents.

6.3 PTEN S-Nitrosylation-Induced Optic Nerve
Regeneration by Nip

Nip has also been reported as having neuritogenic action in cat RGCs [77]. How-

ever, the mechanism of Nip-induced optic nerve regeneration has not been fully

elucidated. It has been reported that PTEN deletion strongly showed optic nerve
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regeneration after injury in part by increasing protein translation through the

mammalian target of rapamycin (mTOR) pathway [78–81]. PTEN and mTOR

are critical factors for controlling the regenerative capacity of mouse RGCs and

corticospinal neurons [81]. It has been known that PTEN is inactivated by

S-nitrosylation and then activates phosphoinositide 3-kinase (PI3K) and its down-

stream pathway [39]. We showed a correlation between Akt/mTOR activities and

optic nerve regeneration through S-nitrosylation of PTEN in RGCs [80]

(Fig. 6.3).

6.4 Future Studies

For treatment of glaucomatous degeneration, neuroprotective and neuritogenic

actions in RGCs play a central role. As there are a few reports on protein

S-nitrosylation in glaucoma, elucidating specific targets of S-nitrosylation and

understanding their regulatory mechanism could assist the development of thera-

peutic intervention and be a next-era target for the treatment of injured RGCs in

glaucomatous retina.
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Fig. 6.3 Schematic diagram of PTEN S-nitrosylation-dependent axonal regeneration. In the case

of NO stimulation, PTEN was inactivated through S-nitrosylation. Subsequently, Akt phosphor-

ylates a wide range of substrates involved in the regulation of cellular functions, including cell

growth and survival. Akt activation also induced mTOR/S6 signaling, which is known as a novel

pathway of axonal regeneration. RTK, tyrosine kinase receptor; PIP2, phosphatidylinositol (4, 5)
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Chapter 7

Neurotrophic Factors

Chikako Harada and Takayuki Harada

Abstract Neurotrophic factors regulate neural cell survival and differentiation and

control the number of retinal ganglion cells (RGCs) during retinal development.

Several studies have reported a possibility that blockade of axonal transport in

glaucoma leads to deficits in the neurotrophic factors and subsequent RGC death in

adult eyes. Interestingly, not only mature neurotrophins but also the uncleaved

neurotrophin precursors, the pro-neurotrophins, may play a critical role in survival

or death of retinal neurons. Neurotrophic factors act on their receptors expressed on

RGCs, but they also act on surrounding cells including Müller glia and microglia

and indirectly affect the state of RGCs. Although ligand–receptor systems of

neurotrophins are complex and their effects are still controversial, clinical trials

using neurotrophins are underway for several retinal diseases. The current therapy

for glaucoma is to lower intraocular pressure (IOP), but neurotrophic factors may be

available for preventing IOP-independent RGC loss and future treatment of

glaucoma.

Keywords Glaucoma • Glia–neuron interaction • Neuroprotection • Neurotrophins

• Retinal ganglion cell

7.1 Introduction

Neurotrophic factors including those belonging to the neurotrophin family [nerve

growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3

(NT-3), and neurotrophin-4/5 (NT-4/5)] play important roles in the development of

the retina and the visual system. Neurotrophins induce neural cell survival and
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differentiation through the high-affinity tyrosine kinase (Trk) receptors (TrkA,

TrkB, and TrkC). On the other hand, they also bind to the low-affinity neurotrophin

receptor p75 (p75NTR) and induce programmed cell death (PCD). Neurotrophins, as

well as many transcription factors and cell death-regulating factors, have been

implicated in the regulation of developmental retinal ganglion cell (RGC) death.

For example, competition for limited amounts of neurotrophins in the superior

colliculus (SC), the target area of RGC axons, determines the apoptosis of RGCs

during the early postnatal period. Furthermore, unprocessed precursor forms of

neurotrophin family members (pro-neurotrophins) also play important roles in the

retina. This chapter reviews the roles of neurotrophic factors during retinal devel-

opment and degeneration and their possible use for supplementation therapies in

glaucoma.

7.2 Roles of Neurotrophins and Pro-neurotrophins

During Retinal Development

Neurotrophins play important roles during development in the central nervous

system and regulate the number of RGCs in the early phase of retinal development

[1–3]. There are two periods of cell death in the developing murine retina. The first

peak occurs during embryonic days 15–17 (E15–E17) and coincides with the main

onset of neurogenesis, neural migration, and initial axon growth. Post-mitotic

RGCs at the optic nerve exit undergo p75NTR-induced PCD; however, retinal

morphology, RGC number, and BrdU-positive cell number in p75NTR knockout

(KO) mice are normal after E15 [4, 5], suggesting the involvement of multiple

mechanisms. The second peak of retinal PCD coincides with the phase of tectal and

thalamic innervation and synapse formation. In the rat, ~50 % of the total RGC

population dies in the first postnatal week soon after their axons reach their targets,

the SC and the dorsal lateral geniculate nucleus (dLGN) [6]. While BDNF or

NT-4/5 injected into the SC promotes the survival of neonatal RGCs [7, 8],

BDNF or NT-4/5 mutant mice have normal RGC numbers and double-mutant

mice show delay in the inner retinal development [9, 10]. Thus, neurotrophins

and their receptors seem to be differentially involved in RGC apoptosis according

to the developmental stages.

Recent studies have shown that the unprocessed precursor form of neurotrophin

family members (pro-neurotrophins), such as proNGF and proBDNF, can act

through a co-receptor system of p75NTR and sortilin to mediate cell apoptosis

[11–14]. In the E15 retina, sortilin is mainly detected in the plasma membrane

fraction but shifted to the non-plasma membrane fraction by the postnatal day

6 (P6) retina. On the other hand, p75NTR was mainly detected in the plasma

membrane fraction in both E15 and P6 retinas. These results suggest that the

intracellular sortilin expression pattern may regulate PCD in the developing retina.

In addition, proNGF enhanced the death of E15 RGCs approximately twofold
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compared with the unstimulated control, but such an increase was inhibited by

neurotensin that blocks the interaction between proNGF and sortilin. ProNGF did

not cause the death of E15 RGCs in p75NTR KO mice and P6 RGCs in wild-type

(WT) mice. Taken together, these results suggest that sortilin and p75NTR

receptors form receptor complexes on the cell surface via proNGF, which is

required for proNGF-induced RGC death in the developing retina [12]. A recent

study has shown that proNGF promotes RGC death in vivo. Importantly, proNGF-

induced RGC loss is caused by an indirect effect and requires the p75NTR-depen-

dent production of tumor necrosis factor-alpha (TNF-α) by Müller glial cells.

Therefore, proNGF-induced neuronal loss in the adult retina occurs through a

non-cell-autonomous mechanism [15]. These findings raise the possibility that

non-cell-autonomous events may be a general feature of p75NTR-dependent cell

apoptosis in vivo. An auto/paracrine proapoptotic mechanism based on the inter-

action of proNGF with the receptor complex p75NTR/sortilin participates also in

intense light-dependent photoreceptor cell death [16]. Therefore, sortilin may be a

putative target for intervention in retinal degenerative disorders. Furthermore,

several lines of evidence indicate that the neurotrophin receptor-interacting factor

(NRIF) and neurotrophin receptor-interacting MAGE (from Melanoma AntiGEn)

homolog (NRAGE) proteins play important roles in death signaling cascades

evoked by p75NTR [17, 18], suggesting complex cell death pathways through

p75NTR. On the other hand, proBDNF controls the branching of retinal axons

antagonistically, by inducing the corresponding neurotrophin receptor–ephrinA

complexes. Moreover, scavenging pro-neurotrophins, by adding antibodies specific

for the pro-domain of proBDNF or a soluble extracellular domain of p75NTR,

abolish repellent ephrinA reverse signaling. This indicates that retinal cells secrete

pro-neurotrophins, inducing the ephrinA–p75NTR interaction and enabling repellent

axon guidance. The antagonistic functions of proBDNF raise the possibility that not

only cell death but also topographic branching is regulated by local control of

processing of pro-neurotrophins [19]. Additional studies to determine the functions

of both mature neurotrophins and pro-neurotrophins may uncover the detailed

mechanisms of how the RGC number and axon remodeling are regulated.

7.3 Neuroprotection of Retinal Ganglion Cells

by Neurotrophic Factors

Recent studies have reported a possibility that blockade of axonal transport in

glaucoma leads to deficits in the neurotrophic factors and subsequent RGC death

in adult eyes. This hypothesis is supported by the observations that axonal transport

in the optic nerve is blocked in experimental glaucoma in primates [20–22], in

rodents [23], and in humans [24]. In addition, retrograde transport of radiolabeled

BDNF was impaired following intraocular pressure increase in rats, and accumu-

lation of TrkB immunolabeling was found in the optic nerve head in this model

[25, 26]. Live-cell imaging revealed the dynamics of the axonal transport of BDNF
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in living RGCs, which clearly differed from the movements in dendrites [27]. Con-

sistently, intraocular injection of exogenous BDNF or viral-mediated BDNF gene

transfer promotes robust RGC survival after optic nerve injury [28–31] and in

experimental glaucoma induced by chronic eye pressure elevation [32, 33]. There-

fore, supplementation therapy using neurotrophic factors is an attractive method for

the protection of RGCs and axons in glaucoma.

7.3.1 Nerve Growth Factor (NGF)

NGF is an endogenous neurotrophin that exerts trophic and differentiating activity

on neurons of the central and peripheral nervous systems. NGF can stimulate both

TrkA and p75NTR receptors; thus, it becomes important to establish the precise role

of NGF signaling in RGC survival. Recent studies reported that a small molecule

peptidomimetic TrkA agonist, but not NGF, promoted RGC protection following

optic nerve injury and in experimental glaucoma [34, 35]. In addition, the combi-

nation of NGF or TrkA agonists with p75NTR antagonists markedly enhanced RGC

survival [36]. These results indicate that NGF can be neuroprotective when acting

on TrkA receptors and in the absence of p75NTR activation. As described in

Sect. 7.2, proNGF induces RGC death during development and in the adult retina.

Mice rendered null for p75NTR, sortilin, or NRAGE did not undergo proNGF-

induced RGC death [15]. On the other hand, we reported that p75NTR/sortilin

receptor system has no effect on ischemia-induced RGC death in the adult retina

[12]. Further studies determining the detailed functions of NGF/proNGF and their

receptor systems may provide important information that lead to the development

of new therapeutic methods for glaucoma. A recent study reported that NGF pro-

tects degenerating RGCs in a rat model of high-IOP glaucoma [37, 38]. In addition,

NGF eyedrops reduced RGC loss in patients with advanced glaucoma and indicated

long-lasting improvements in visual field, optic nerve function, contrast sensitivity,

and visual acuity [38]. These findings seem to be impressive and promising, but the

patient number is limited (n¼ 3). In addition, several studies have failed to observe

NGF-mediated RGC survival [34, 35, 39]. Thus, further study is needed before

topical NGF can be considered for application in human glaucoma.

7.3.2 Brain-Derived Neurotrophic Factor (BDNF)

BDNF is known to regulate neural cell survival and axonal outgrowth mainly by

activating TrkB receptors, which stimulates various signaling cascades, such as the

mitogen-activated protein kinase pathway, phosphatidylinositol 3-kinase pathway,

and Fyn-mediated actin polymerization pathway [40–42]. Several lines of evidence

support a key role for BDNF/TrkB signaling in survival of adult RGCs in acute and
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chronic models of optic nerve damage [28, 29, 31, 43–45]. TrkB expression is

relatively high in RGCs and Müller glial cells but low in photoreceptors

[46–48]. Based on this fact, we previously proposed a model in which exogenously

applied or microglia-derived neurotrophins regulate photoreceptor survival indi-

rectly by regulating secondary trophic factor production in Müller cells [49]. How-

ever, the effects that such a glia–neuron interaction would have in vivo or whether it

would be relevant for the protection of neural cell types that express TrkB remained

unclear. Therefore, to explore this point, we prepared two conditional KO mice in

which TrkB was deleted from Müller glia (TrkBGFAP KO mice) or from two types

of retinal neurons (RGCs and amacrine cells, TrkBc-kit KO mice) [50]. For this

purpose, we utilized GFAP-cre and c-kit-cre transgenic mice (Fig. 7.1). These mice

enabled us to separately examine direct and indirect effects of TrkB on

neuroprotection. Surprisingly, the extent of glutamate-induced retinal degeneration

was similar in these two mutant mice (Fig. 7.2). Furthermore, BDNF failed to

increase the production of BDNF, basic fibroblast growth factor (bFGF), ciliary

neurotrophic factor (CNTF), and glial cell line-derived neurotrophic factor (GDNF)

in Müller cells and did not prevent photoreceptor degeneration in TrkBGFAP KO

mice. Recent studies have shown that Müller glia dedifferentiate in response to

neurotoxic damage or injury, implying that even the adult mammalian retina may

have regenerative potential [51]. However, BDNF failed to stimulate Müller cell

proliferation and expression of neural markers in the degenerating retina in

TrkBGFAP KO mice. These results demonstrate that BDNF signaling in glia is

critically involved in the protection and regeneration of surrounding neurons during

retinal degeneration [50]. Further studies to stimulate the glia–neuron network as

well as direct neuroprotection on RGCs may lead to effective treatment for

glaucoma.

7.3.3 Ciliary Neurotrophic Factor (CNTF)

CNTF belongs to a small subfamily of cytokines and plays important roles as a

potent neuroprotective molecule in the vertebrate retina [49, 52]. CNTFs mediate

their effects through the signal transducing receptors glycoprotein 130 (gp130) and

leukemia inhibitory factor (LIF) receptor. Whereas LIF directly interacts with the

LIF receptor, which subsequently forms a complex with gp130, CNTF first binds to

CNTF receptor-α (CNTFR-α), which then recruits the other signaling receptor

subunits [53, 54]. Binding of CNTF to its receptor complex activates the Janus

kinases/signal transducer and activator of transcription (JAK/STAT), mitogen-

activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK), and

phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) signaling pathway

[55]. These receptor systems and their downstream pathways are functional in

RGCs, and CNTF prolongs the survival of RGCs in optic nerve crush or transection
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models [56–58] and experimental glaucoma [59, 60]. Currently, human clinical

trials for retinal degenerative diseases involving intravitreal implantation of a

device containing encapsulated cells transfected with the human CNTF gene are

under way [61–63].

Fig. 7.2 Similar susceptibility to glutamate neurotoxicity in TrkBc-kit KO and TrkBGFAP KO

retinas. (a) Immunohistochemical analysis of RGCs with an anti-NeuN antibody. Retinal explants

were untreated (control) or treated with 5 mM glutamate for 1 h. Scale bars¼ 50 μm. (b)

Quantification of RGCs. *P< 0.01. Reproduced from Harada et al. [50]
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One problem is that exogenously delivered CNTF have limited effects on

promoting RGC survival and regeneration following optic nerve injury [64,

65]. Among CNTF signaling pathways, the JAK/STAT pathway is negatively

regulated by suppressor of cytokine signaling 3 (SOCS3) [66]. Consistently, viral

overexpression of SOCS3 in RGCs markedly compromises the axon growth pro-

moting effects of intravitreally applied recombinant CNTF [67]. Accordingly,

SOCS3 deletion in RGCs promotes dramatic axon regeneration following optic

nerve injury in a gp130-dependent manner. Importantly, exogenously delivered

CNTF could further enhance the extent of axon regeneration in SOCS3 deleted

mice, suggesting that SOCS3 functions as an intrinsic brake for CNTF-mediated

regeneration [68, 69]. Thus, reduced responsiveness to CNTF by SOCS3 may be an

important limiting factor for successful neuroprotection and axon regeneration in

mature visual system.

7.3.4 Glial Cell Line-Derived Neurotrophic Factor (GDNF)

GDNF and neurturin belong to the GDNF family and are distant members of the

transforming growth factor-β (TGF-β) superfamily. GDNF family members medi-

ate their actions through a multicomponent receptor complex composed of a

transmembrane tyrosine kinase receptor, Ret, and one of the four glycosylpho-

sphatidylinositol (GPI)-linked GDNF family receptors α, designated GFRα1–
GFRα4 [70]. Intraocular injection of GDNF exerts a neuroprotective effect on

axotomized RGCs, with less efficacy than BDNF [71–73]. GDNF also protects

RGCs in a porcine model of retinal ischemia [74]. In addition, intravitreal injection

of GDNF and vitamin E microspheres significantly increased RGC survival com-

pared with GDNF, vitamin E, or blank microspheres in an experimental animal

model of glaucoma [75]. Recent study showed that the dipeptide leucine-isoleucine

(Leu-Ile) that induce the production of neurotrophic factors in the brain signifi-

cantly increased the levels of BDNF and GDNF in the retina. Treatment with

Leu-Ile significantly increased RGC survival at 14 days after optic nerve injury

[76]. In addition to direct effects on RGCs, GDNF increases BDNF, bFGF, and

GDNF production in Müller cells [77]. These results suggest that both

neurotrophins and GDNF families regulate phenotypic expression in Müller cells

and that they affect surrounding neurons through an indirect pathway.

One interesting point is that the upregulation of glutamate/aspartate transporter

(GLAST) in Müller cells is required for RGC protection by GDNF and neurturin

following optic nerve transection [78]. We recently found that GLAST KO mice

show spontaneous RGC death and optic nerve degeneration without elevated IOP

[79]. Interestingly, GLAST is essential not only to keep the extracellular glutamate

concentration below a neurotoxic level but also to maintain glutathione levels by

transporting glutamate, which is a substrate for glutathione synthesis, into Müller

cells. As retinal concentration of glutathione, a major cellular antioxidant in the

retina, was decreased in GLAST KO mice, both glutamate neurotoxicity and
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oxidative stress may be involved in the normal tension glaucoma (NTG)-like

pathology. Together with the evidence that downregulation of GLAST (human

EAAT1) in the retina and of the glutathione level in the plasma are found in human

glaucoma patients [80, 81], it is appropriate to consider GLAST KO mice as a valid

and adequate model that offer a powerful system to determine the mechanisms of

and evaluate new treatments for NTG. As the receptors for GDNF and neurturin are

increased in Müller cells after optic nerve transection, the neuroprotective effects of

GDNF may be indirect, at least partly, through the enhancement of glutamate

uptake in Müller cells. Furthermore, we have reported that the loss of apoptosis

signal-regulating kinase 1 (ASK1), an evolutionarily conserved mitogen-activated

protein kinase kinase kinase (MAP3K), prevented the activity of p38 MAPK and

TNF-induced production of inducible nitric oxide synthase (iNOS) in Müller cells

[82]. TNF and nitric oxide (NO) can induce RGC death and participate in the

pathophysiology of glaucoma [83–85]. Taken together, these findings suggest that

such a glial–neuronal network may be functional and that ASK1, NO, GLAST, and

trophic factors in Müller cells have important roles in this network during glaucoma

[82, 86]. Thus, in addition to neurotrophic factors, further efforts to discover new

compounds that can enhance glutamate uptake and inhibit ASK1 signaling for a

prolonged period may lead to the development of novel strategies for the manage-

ment of glaucoma, including NTG [87, 88].

7.4 Conclusions and Future Directions

Neurotrophic factors play important roles during retinal development, degeneration

and regeneration. There has been considerable progress in the characterization of

molecular pathways that regulate RGC survival by neurotrophic factors. In addi-

tion, some clinical trials for retinal diseases are underway and therapeutic potentials

of several neurotrophic factors in protecting RGCs are emerging [89–91]. There-

fore, it is important to discover safe administration methods and determine the long-

term effects of these molecules on human retinal function, especially in

glaucomatous eyes.
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Chapter 8

RIP Kinase-Mediated Programmed Necrosis

Yusuke Murakami, Maki Kayama, Joan W. Miller, and Demetrios Vavvas

Abstract Retinal ganglion cell (RGC) death is the ultimate cause of vision loss in

glaucoma. Apoptosis has been thought to be a major form of cell death in various

diseases including glaucoma; however, attempts to develop neuroprotective agents

that target apoptosis have largely failed. Recent accumulating evidence has shown

that non-apoptotic forms of cell death such as necrosis are also regulated by specific

molecular machinery, such as those mediated by receptor-interacting protein (RIP)

kinases. In this review, we summarize recent advances in our understanding of RIP

kinase signaling and its roles in RGC loss. These data suggest that not only

apoptosis but also necrosis is involved in RGC death and that combined targeting

of these pathways may be an effective strategy for glaucoma.

Keywords Necroptosis • Programmed necrosis • Retinal ganglion cell death • RIP

kinase

8.1 Introduction

Glaucoma affects 70 million people worldwide and is characterized by progressive

retinal ganglion cell (RGC) death with accompanying optic nerve atrophy [1, 2].

It is often associated with elevated intraocular pressure (IOP) and current
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management aims at lowering IOP. Although IOP-lowering treatments slow the

development and progression of glaucoma, approximately 10 % of people who

receive proper treatment still experience severe vision loss. Therefore, investigating

the mechanisms of RGC death will be important to better understanding of the

disease pathophysiology and development of novel therapeutics.

8.2 Two Distinct Forms of Cell Death: Apoptosis
and Necrosis

Apoptosis and necrosis are two major forms of cell death defined by morphological

appearance [3]. In 1972, Kerr et al. coined the term apoptosis (Greek for “falling

off”) to describe a specific form of cell death, which shows condensation of the

nucleus and cytoplasm, rounding-up of the cell, reduction of cellular volume, and

engulfment by resident phagocyte [4]. They suspected apoptosis as a general

mechanism of controlled cell deletion, and indeed, accumulating evidence demon-

strates that apoptosis is genetically a regulated process of cell death, where the

caspase family of cysteine proteases plays a central role for signal transduction and

execution [5]. In contrast, necrosis (Greek for “dead”) is associated with swelling of

the cytoplasm and organelles, a gain in cell volume, plasma membrane rupture, and

connections with the extracellular cavity. Although necrosis was traditionally

thought to be an uncontrolled process of cell death, it is now known to also have

regulated components, such as those mediated by receptor-interacting protein (RIP)

kinases [6].

8.3 RIP Kinase-Mediated Programmed Necrosis

RIP kinase-mediated programmed necrosis was discovered from the extensive

studies of death receptor-induced cell death. Death ligands such as TNF-α and

Fas-L induce apoptosis, but they also cause necrosis in certain types of cells

[7]. Intriguingly, Vercammen and colleagues found that, when apoptosis is blocked

by caspase inhibitors, cells undergo an alternative necrotic cell death in response to

TNF-α or Fas-L [8, 9]. Twelve years later, Holler and colleagues identified that that

this death receptor-induced necrosis is mediated by the activation of RIP1 [10]. Fur-

thermore, three independent studies recently showed that interaction between RIP3

and RIP1 is critical for RIP1 kinase activation and subsequent necrosis [11–13].

These advances in our understanding of the molecular basis of necrosis have

revealed previously unrecognized roles of necrosis in health and disease.
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8.4 RIP Kinase Signaling

Two members of the RIP kinase family proteins, RIP1 and RIP3, are critical

mediators of necrosis [6]. RIP1 was originally identified as a protein that interacts

with Fas [14]. RIP1 consists of an N-terminal serine/threonine kinase domain, an

intermediate domain, a RIP homotypic interaction motif (RHIM), and a C-terminal

DD (Fig. 8.1). RIP1 acts as a multifunctional adaptor protein downstream of death

receptors and mediates pro-survival NF-κB activation, caspase-dependent apopto-

sis, and RIP kinase-dependent necrosis [15]. RIP3 was found as a serine/threonine

kinase that shares homology with RIP1 but does not possess a DD [16] (Fig. 8.1).

RIP3 contains the RHIM domain in its C-terminus and directly binds to and

phosphorylates RIP1 [17]. Although the precise biological function of RIP1-RIP3

interaction was unclear for a long period, recent studies have shown that RIP3-

dependent phosphorylation of RIP1 kinase in the RIP1-RIP3 complex is critical for

the induction of death receptor-induced necrosis [11–13]. This necrosis-inducing

protein complex is termed the “necrosome.”

8.4.1 RIP1 Polyubiquitination and Pro-survival
NF-κB Activation

In response to TNF-α stimulation, RIP1 is recruited to TNFR and forms a

membrane-associated complex with TNF receptor-associated death domain

(TRADD), TNF receptor-associated factor 2 or 5 (TRAF2/5), and cIAP1/2, the

so-called complex I [18]. cIAP1 and cIAP2 are key ubiquitin ligases that induce

RIP1 polyubiquitination in the complex [19]. This ubiquitin chain provides an

Fig. 8.1 The structure of RIP1 and RIP3. RIP1 consists of an N-terminal serine/threonine kinase

domain (KD), an intermediate domain (ID), a RIP homotypic interaction motif (RHIM), and a

C-terminal death domain (DD). RIP3 shares homology with RIP1 but does not possess a DD. RIP3

contains the RHIM domain in its C-terminus and directly binds to and phosphorylates RIP1. This

phosphorylation in the RIP1-RIP3 complex is critical for the induction of death receptor-induced

necrosis. Reproduced with permission from Murakami et al. [40]
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assembly site for transforming growth factor-β-activated kinase 1 (TAK1), TAK1-

binding protein 2 or 3 (TAB2/3), and inhibitor κB kinase (IKK) complex and

mediates NF-κB activation [20]. Activated NF-κB translocates to the nucleus and

induces transcription of prosurvival genes such as cIAPs, c-FLIPs, and IL-6 [21].

In addition, it mediates the induction of cylindromatosis (CYLD) or A20, which

dephosphorylates RIP1 and acts as a negative feedback loop in NF-κB signaling

[22, 23] (Fig. 8.2a).

8.4.2 RIP1 Deubiquitination and Formation of Cytosolic
Pro-death Complex: DISC or Necrosome

RIP1 switches its function to a regulator of cell death when it is deubiquitinated by

CYLD or A20 [24]. Deubiquitination of RIP1 abolishes its ability to activate NF-κB
and leads to the formation of cytosolic pro-death complexes, the so-called complex

II [18]. These complexes contain TRADD, FADD, RIP1, caspase-8, c-FLIP, and/or

RIP3 and mediate either apoptosis or necrosis depending on cellular conditions.

Dimerization of caspase-8 in the complex II mediates a conformational change to

its active form, thereby inducing apoptosis (Fig. 8.2b). On the other hand, in

conditions where caspases are inhibited or cannot be activated efficiently, RIP1

interacts with RIP3 and forms the necrosome (Fig. 8.2c). RIP3-dependent activa-

tion of RIP kinase is crucial for necrosis induction in response to TNF-α [11–13].

Other death ligands such as Fas-L are also capable to mediate RIP kinase-dependent

necrosis as well as caspase-dependent apoptosis. In contrast to TNF-α, Fas directly
recruits RIP1 and FADD to the plasma membrane and forms pro-death complexes

with caspase-8 and/or RIP3 [14].

8.4.3 Regulatory Mechanisms of RIP Kinase Activation

Because caspase inhibition sensitizes cells to RIP kinase-dependent necrosis,

caspases may inhibit RIP kinase activity. Indeed, caspase-8 directly cleaves and

inactivates RIP1 and RIP3 [25, 26]. Interestingly, this inactivation does not require

proapoptotic caspase-8 activation through its homodimerization, but is mediated by

the restricted caspase-8 activity in the heterodimer with c-FLIP, an endogenous

inhibitor of caspase-8 [27] (Fig. 8.2). Recent studies have shown that the c-FLIP-

caspase-8 heterodimer has a restricted substrate repertoire and mediates

pro-survival effect via antagonizing RIP kinase activation [28].

The expression levels of RIP3 are another factor that control RIP kinase activa-

tion. Whereas RIP1 is expressed ubiquitously in all cell types, RIP3 expression

differs amongst cells and tissue [16]. In addition, the levels of RIP3 correlate with

the responsiveness to necrotic cell death induced by TNF-α [12]. The levels of
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caspases also change depending on cellular types and conditions. Caspase-

dependent apoptosis is downregulated in the mature neurons because of reduced

caspase-3 expression after development [29]. Caspase-8 expression is substantially

lower in RPE cells compared with other ocular epithelial cells or tumor cells, which

Fig. 8.2 RIP kinase signaling. (a) In response to TNF-α stimulation, RIP1 is recruited to TNFR

and forms a membrane-associated complex with TRADD, TRAF2 and cIAPs. cIAPs ubiquitinate

RIP1, which in turn mediate NF-κB activation. Nuclear translocation of p65/p50 subunits pro-

motes the production of pro-survival genes such as cIAPs and c-FLIPs as well as deubiquitinating

enzymes such as CYLD and A20, which act as a negative feedback loop in NF-κB signaling.

(b) and (c). RIP1 switches its function to a regulator of cell death when it is deubiquitinated by

CYLD or A20. Deubiquitination of RIP1 abolishes its ability to activate NF-κB and leads to the

formation of cytosolic pro-death complexes. These complexes contain TRADD, FADD, RIP1,

caspase-8, c-FLIP, and/or RIP3 and mediate either apoptosis or necrosis depending on cellular

conditions. Multimerization of caspase-8 in the DISC mediates a conformational change to its

active form, thereby inducing apoptosis (b). The catalytic activity of caspase-8-c-FLIP

heterodimer complex cleaves and inactivates RIP1 and RIP3. In conditions where caspases/c-

FLIPs are inhibited or cannot be activated efficiently, RIP1 forms the necrosome with RIP3,

thereby promoting necrosis (c). Reproduced with permission from Murakami et al. [40]
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may protect the RPE from apoptosis [30]. Therefore, it is likely that the balance

between caspases and RIP3 may be important to decide the cell fate (i.e., apoptosis

or necrosis) in response to death receptor stimulation or other signals.

8.5 RIP Kinase Inhibitors

Degterev and colleagues identified small compounds named necrostatin that spe-

cifically inhibit death receptor-mediated necrosis in a cell-based screening of

~15,000 chemical compounds [31]. Necrostatin-1 (Nec-1) has been shown to

strongly inhibit RIP1 kinase phosphorylation, and structure-activity relationship

analysis demonstrated that Nec-1 binds to the adaptive pocket on RIP1 and stabi-

lizes the inactive conformation of RIP1 kinase [32]. Importantly, other two

necrostatins, which have different structures than Nec-1, also inhibit RIP1 kinase

phosphorylation, suggesting that necrostatins target RIP1 kinase.

However, there are some reports raising concerns about the specificity of

necrostatins. For instance, it was shown that Nec-1 partially affects the PAK1 and

PKAcα activity on a panel screening of 98 human kinases [33]. More recently,

Takahashi and colleagues demonstrated critical issues on the specificity and activity

of Nec-1. They report that Nec-1 is identical to methyl-thiohydantoin-tryptophan

(MTH-Trp), an inhibitor of indoleamine 2,3-dioxygenase (IDO) [34]. IDO is the

rate-limiting enzyme in tryptophan catabolism and modulates immune tolerance.

Hence, interpretation of the results obtained by using Nec-1 requires consideration

of its nonspecific effect, and additional experiments using RIP3-deficient mice or

RNAi knockdown of RIP kinase will help the precise understanding of the role of

RIP kinase in diseases.

8.6 Knockout Animals for RIP Kinases

RIP1 is a multifunctional protein that is critical for both cell survival and death, and

Rip1�/� mice exhibit postnatal lethality with reduced NF-κB activation and exten-

sive cell death in lymphoid and adipose tissues [35]. In contrast, Rip3�/� mice are

viable and do not show gross abnormality in any of the major organs including the

retina [36]. Although Rip3�/� mice are indistinguishable from WT mice in phys-

iological conditions, recent studies have revealed that they display marked reduc-

tion in death receptor-induced necrosis [12, 11]. Hence, Rip3�/� mice have been

used as an instrument of investigating death receptor-induced necrosis in physio-

logical and pathological conditions. Using Rip3�/� mice, we have investigated the

role of RIP kinase in photoreceptor cell death in retinal degenerative diseases such

as retinal detachment, retinitis pigmentosa, and age-related macular degeneration

[37–40].
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8.7 The Role of RIP Kinase in RGC Death

In experimental models of glaucoma, dying RGCs show not only apoptotic but also

necrotic features [41]. However, most of studies investigating the mechanisms of

RGC death have mainly focused on apoptosis, because of the general concept that

necrosis is an uncontrolled process of cell death. Unfortunately, despite more than a

decade of work on apoptosis, attempts to prevent or delay RGC degeneration in

glaucoma have been unsuccessful, and it would be important to investigate the role

of other mechanisms of cell death in glaucoma.

Accumulating evidence indicates that TNF-α is a critical mediator of RGC death

in glaucoma [42]. TNF-α is elevated in the aqueous humor of glaucoma patients

[43]. Moreover, neutralization of TNF-α prevents RGC death in several models of

experimental glaucoma [44, 45]. However, the mechanism by which TNF-α medi-

ates RGC death remains unclear. RIP1 is a key adaptor protein activated down-

stream of TNF-α [6]. Given the emerging role of RIP kinase in necrosis induction, it

can be hypothesized that RIP kinase may be involved in RGC in glaucoma.

Rosenbaum and colleagues addressed this question by testing Nec-1 in the retinal

ischemia-reperfusion injury model. They showed that intravitreal injection of

Nec-1 protects RGC loss and provides functional improvement [46], suggesting

the involvement of programmed necrosis in RGC death. We also evaluated the role

of RIP kinase-dependent necrosis in other models of RGC death and found that not

only caspase pathway but also RIP kinase pathway is important for RGC death

(MK, DGV et al. unpublished data). Consistent with these in vivo findings, Lee and

colleagues demonstrated that RIP3 mediates rat RGC death through phosphoryla-

tion of Daxx after oxygen glucose deprivation in vitro [47]. Taken together, these

findings suggest RIP kinase-dependent necrosis as a novel mechanism of RGC

death and as a therapeutic target.

8.8 Conclusion

Although apoptosis has been thought to be a major form of cell death in retinal and

neurodegenerative diseases, recent studies have shown that non-apoptotic forms of

cell death are also important. RIP kinase is a crucial regulator of programmed

necrosis and contributes to neuronal cell death in various conditions, including

RGC death. Further studies investigating the role of RIP kinase-dependent necrosis

in glaucoma will be important for better understanding of the mechanisms of RGC

death and development of novel therapeutics to prevent or delay RGC loss.
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Chapter 9

Axonal Degeneration

Yasushi Kitaoka

Abstract Axonal degeneration often leads to the death of retinal ganglion cell

(RGC) bodies. The pattern of localized retinal nerve fiber layer defects observed in

glaucoma patients suggests that axonal degeneration may occur first, followed by

sequential RGC body loss in this pathological condition. The molecular mechanism

of axonal degeneration in the optic nerve is still unclear. The tumor necrosis factor

injection model and the hypertensive glaucoma model may be useful in under-

standing the mechanism of axonal degeneration of RGCs because axon loss pre-

cedes RGC body loss in both models. There is a growing body of evidence that

glaucoma may be correlated with Alzheimer’s disease. Autophagy impairment may

be involved in neurodegenerative diseases including Alzheimer’s disease and

glaucoma. Thus, the modulation of these signaling pathways will lead to a new

concept of axonal protection.

Keywords Alzheimer’s disease • Autophagy • Glaucoma • Tumor necrosis factor

9.1 Amyloidogenic Pathway and Axonal Degeneration

Alzheimer’s disease (AD) is a neurodegenerative disorder in which axonal degen-

eration may precede cell body death [1]. The deposition of β-amyloid (Aβ) in

neuronal cells is a hallmark of AD. The unfavorable metabolism of amyloid

precursor protein (APP) leads to Aβ production. APP is proteolytically cleaved

by β-secretase, generating a short C-terminal fragment (CTFβ) of 99 amino acids.

The CTFβ fragment of APP is then cleaved by γ-secretase into an Aβ peptide and a
cytosolic APP intracellular domain in the amyloidogenic pathway [2]. Although
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mutations in the APP or presenilin (PS) genes have been implicated in familial AD

[3], the physiopathological events underlying chronic Aβ production/clearance

imbalance may be different in sporadic AD and familial AD [4]. Nonetheless, an

increase in PS1 and subsequent Aβ accumulation have been found in the hippo-

campus of senescence-accelerated mice (SAMP8), suggesting the involvement of

PS1, one of the γ-secretase complexes, in sporadic AD [5]. It has also been

suggested that overexpression of PS1 in vivo is sufficient to elevate γ-secretase
activity and that upregulation of PS1/γ-secretase activity could contribute to

increased risk for late-onset sporadic AD [6]. Thus, elucidating the mechanism of

the amyloidogenic pathway remains a potential target for discovering a treatment

for sporadic AD.

APP has been reported to accumulate in the optic nerve in rat and mouse

glaucoma models [7, 8]. Aβ was also found to accumulate in retinal ganglion

cells (RGCs) in a rat glaucoma model [9]. Although some studies found no positive

association between glaucoma and AD [10, 11], other supported the correlation of

these two neurodegenerative diseases [12, 13]. A very recent study has demon-

strated that biomarkers of AD, such as apolipoprotein E and transthyretin, were

increased in the aqueous humor in glaucoma patients compared with those in a

control cataract patients group [14], suggesting that there is a linking pathophysi-

ology in both diseases.

As another linking factor in the pathophysiology of AD and glaucoma, tumor

necrosis factor (TNF), a cytokine that is synthesized and released from astrocytes

and microglia, has been proposed. For example, TNF has been implicated in the

pathogenesis and progression of AD [15, 16]. A meta-analysis demonstrated that

AD is accompanied by an inflammatory response, particularly higher peripheral

concentrations of TNF, interleukin (IL)-6, IL-1β, transforming growth factor-β,
IL-12, and IL-18 [17]. Recent studies have demonstrated that the inhibition of TNF

signaling reduces multiple hallmark of AD, including APP, Aβ peptide, and Aβ
plaque [18], and prevents pre-plaque amyloid-associated pathology, cognitive

deficits, and the loss of neurons in a mouse model of AD [19]. Similar to the

findings of its crucial roles in AD, TNF has also been shown to have pivotal roles in

the pathogenesis of glaucoma [20]. Glial production of TNF is increased in the

glaucomatous optic nerve and TNF-mediated neurotoxicity is a component of

neurodegeneration in glaucoma [20]. Increases in TNF have been demonstrated

in the retina [21] and optic nerve [22] in hypertensive glaucoma models. A recent

study of the aqueous humor has demonstrated that a significantly higher percentage

of patients in the glaucoma group were positive for TNF compared with the cataract

group [23]. A more recent study of the proteomic data from human glaucoma has

shown a prominent upregulation of TNF/TNFR1 signaling in the glaucomatous

retina [24]. A meta-analysis demonstrated that patients with open-angle glaucoma

may have higher TNF levels in the aqueous humor compared with the control

group, and the TNF-308G/A polymorphism is significantly associated with the risk

of high-tension glaucoma [25]. Taken together with the finding that APP and Aβ
accumulate in the optic nerve and RGCs in glaucoma models, it is possible that

124 Y. Kitaoka



TNF signaling and the amyloidogenic pathway are involved in the pathophysiology

of both AD and glaucoma.

In longitudinal sections of normal rat optic nerve, myelinated axons can be

recognized as myelin basic protein (MBP)-positive staining starting around the

laminar portion (Fig. 9.1a, d). In myelinated areas, neurofilament is located inside

(green dots) and MBP is located outside rings (red rings) in cross sections

(Fig. 9.1b). In TNF-induced optic nerve degeneration, there is an increase in

phosphorylated PS1 located in astroglial cells, thereby leading to a subsequent

increase in γ-secretase activity in the optic nerve [26]. APP is also located in

astroglial cells, because there is substantial colocalization of APP and glial

fibrillary acidic protein in cross sections of the optic nerve (Fig. 9.1c, e). The

cleavage of APP by the activation of γ-secretase occurs mostly in glial membranes

in the optic nerve in this TNF-induced neurodegeneration model [26], which

displays primary axonal degeneration with sequential RGC body death

[27]. Taken together, the activation of the amyloidogenic pathway in glial cells

may be involved in nearby axonal degeneration.

Fig. 9.1 (a) Myelin basic protein (MBP) immunostaining in normal rat optic nerve. (b) Immu-

nohistochemistry of neurofilament (NF) and MBP in cross sections of the optic nerve. (c)
Immunohistochemistry of amyloid precursor protein (APP) and glial fibrillary acidic protein

(GFAP) in cross sections of the optic nerve. (d) Schema of RGC axons in unmyelinated and

myelinated areas. (e) High-magnification schema of a myelinated axon
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Although several clinical trials of γ-secretase inhibitors (GSIs) for AD treatment

have not achieved success so far, some clinical trials are still ongoing [28]. GSIs

decreased Aβ production in the human central nervous system [29] and decreased

the appearance of new amyloid plaque and the growth of preexisting plaque in

APP/PS1 mice [30]. It has been suggested that synapses are the initial target in AD

and that learning and memory deficits occur before the formation of plaque

[31]. Instead of plaque, soluble Aβ impaired memory function [32], and the GSI

LY-411575 reduced soluble Aβ and rescued the neuronal dysfunction in the

hippocampus of a mouse model of AD [33]. Therefore, it is likely that GSIs have

beneficial effects on neurons including synapses through the inhibition of both

amyloid plaque and soluble Aβ. Moreover, the novel GSI ELN594 attenuated the

formation and growth of new plaque and led to a normalization of the enhanced

dynamics of synaptic structures close to plaque [34]. Furthermore, the GSI

N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT)

induced neural differentiation of human Müller stem cells into RGC precursors

and increased the number and length of neurites in cultured cells [35]. Since a

recent study has suggested that RGC dendritic atrophy precedes cell loss in a mouse

model of AD [36], preventing dendrite atrophy as well as axonal degeneration of

RGCs before cell death is important in both AD and glaucoma. In axons, it was

shown that DAPT injection immediately after axotomy increased axon regeneration

in mature Caenorhabditis elegans neurons [37]. In optic nerve axons, treatment

with the GSI BMS299897 significantly prevented axonal loss in TNF-induced optic

nerve degeneration [26]. These findings suggest that GSIs can protect synapses and

axons that are the early manifestation sites in AD and glaucoma. Further studies

will be needed to clarify notch conditions after administration of GSIs to examine

whether local applications for optic nerve diseases may be feasible.

9.2 Autophagy and Axonal Degeneration

Autophagy is a self-digestion system that is a cellular pathway involved in protein

and organelle degradation. Alteration of autophagy is associated with several

conditions, including cancer, infectious and immunity disease, liver disease, heart

disease, myopathy, and neurodegenerative disease [38]. In the central nervous

system (CNS), a previous study suggested that the induction of autophagy serves

as an early stress response in axonal dystrophy and may participate in the

remodeling of axon structures in Purkinje cells [39]. It was also suggested that

autophagy is required for normal axon terminal membrane trafficking and turnover,

and an essential role of local autophagy in the maintenance of axonal homeostasis

and prevention of axonal degeneration in Purkinje cells was demonstrated [40]. In

contrast, in superior cervical ganglion neurons, the autophagy inhibitor

3-methyladenine (3-MA) efficiently suppressed neurite degeneration by protecting

neurites from the loss of viability and mitochondrial function [41], suggesting that

autophagy may play several distinct roles in axons depending on different types of
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neuron or different types of injury. Autophagosomes inside axons can move toward

cell bodies, and this movement is dependent on a dynein motor [42]. Therefore, it is

possible that axonal transport may affect autophagosome clearance.

In the eyes, the existence of microtubule-associated protein light chain 3 (LC3)-

II, an autophagic marker, in RGCs and its transient upregulation after optic nerve

transection have been demonstrated [43]. That study showed that the inhibition of

autophagy with bafilomycin A1, 3-MA, and wortmannin in RGC-5 cells under

serum-deprived conditions decreased cell viability by approximately 40 %,

suggesting the activation of autophagy in RGCs after optic nerve transection and

its protective role in RGC-5 cells maintained under conditions of serum deprivation

[43]. Those findings are consistent with the results of a recent study demonstrating

that decreased Brn-3a-immunopositive RGCs in flat-mounted retinas after optic

nerve transection were significantly increased by rapamycin, an autophagy inducer

[44]. In addition, rapamycin decreased intracellular reactive oxygen species (ROS)

production and increased cell viability in RGC-5 cells with the ROS-inducing agent

paraquat [44]. That study also showed that the autophagy inhibitor 3-MA increased

ROS production and reduced cell viability in RGC-5 cells, implying that autophagy

induction protects RGC-5 cells from mitochondrial damage and cell death, whereas

autophagy inhibition promotes ROS production and cell death [44]. In contrast,

another study demonstrated that decreased 40,6-diamidino-2-phenylindole (DAPI)-

positive cells after intraocular pressure (IOP) elevation in the RGC layer were

significantly increased by 3-MA [45]. Thus, the role of autophagy in RGC death is

still controversial, although the fact that about 50 % of DAPI-positive cells in the

RGC layer are displaced amacrine cells in rats and mice may affect the RGC

survival estimation. Nonetheless, all of the above studies and a very recent study

in a nonhuman primate chronic hypertensive glaucoma model [46] support the

concept that autophagy is activated in RGCs in response to damage such as

glaucoma and other optic nerve injuries.

In optic nerve axons, a previous study showed an increase in autophagosomes

inside axons until 6 h after optic nerve crush [47]. That electron microscopy finding

is consistent with the electron microscopy findings of a recent study demonstrating

that abnormal mitochondria and autophagic vacuoles were noted inside axons

3 weeks after glaucoma induction [48]. Thus, autophagosomes and mitochondria

move inside axons (Fig. 9.1d, e). Similar to the findings in RGC body death, the role

of autophagy in optic nerve axonal degeneration is still controversial. For example,

it was shown that the application of 3-MA, an autophagy inhibitor, resulted in a

significant delay in axonal degeneration during the acute phase after optic nerve

crush [47], while the application of 3-MA exaggerated axonal degeneration induced

by IOP elevation [48].

It is interesting to note that the upregulation of autophagy may aid in oligoden-

drocyte survival in the Long-Evans shaker (les) rat, which has a mutation in MBP

that results in severe CNS dysmyelination and subsequent demyelination during

development [49]. Because oligodendrocyte loss was observed in the optic nerve

after IOP elevation [21], how autophagy in oligodendrocytes can alter axon survival

may be particularly interesting. It was shown that the neuroprotective effect of
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brain-derived neurotrophic factor (BDNF) was mediated by autophagy through the

PI3K/Akt/mTOR pathway, although in cortical neurons rather than oligodendro-

cytes [50]. Moreover, exogenous BDNF can protect optic nerve axons by recruiting

endogenous BDNF located in oligodendrocytes [51]. Oligodendrocytes seem to be

sources of BDNF for nearby axons. One hypothesis posits that autophagy induction

in oligodendrocytes with the possible involvement of BDNF has beneficial effects

on nearby optic nerve axons.

p62, which is also called sequestosome 1, is a multifunctional protein that acts as

a critical ubiquitin chain-targeting factor shuttling substrates for proteasomal deg-

radation [52] and interacts with LC3-II, an autophagic marker. p62 is normally

degraded by the lysosomal proteases through the interaction with LC3-II [53]. A

recent study has shown the accumulation of p62 and LC3-II in the chronically

compressed spinal cord, and the forced expression of p62 and the inhibition of

autophagy decreased the number of neuronal cells [54]. It has been demonstrated

that the inhibition of autophagy is correlated with increased levels of p62 in

neuronal cells [39] and that autophagy deficiency leads to the abnormal accumula-

tion of p62 and neurodegenerative changes in the cerebellum [55]. Thus, increased

p62 protein levels including autophagic flux impairment may lead to

neurodegeneration. An increased p62 protein level was observed in the optic

nerve in a hypertensive glaucoma model [48]. Under pathological conditions with

impaired autophagy, there is a constitutively high level of p62, thereby leading to

the accumulation of damaged mitochondria and subsequent ROS production [56].

Although LC3-II is known as an autophagic marker, it increases not only under

autophagy activation but also under autophagy flux impairment [57]. Therefore,

increases in both p62 and LC3-II observed in the optic nerve after IOP elevation

imply that autophagy flux impairment may be involved in axonal degeneration in

glaucoma models [48]. In addition, rapamycin, an autophagy inducer, increased

LC3-II further and decreased p62 levels in the optic nerve and exerted axonal

protection in a glaucoma model [48]. These findings are in agreement with those of

a previous study demonstrating that LiCl, an autophagy inducer, increased the

expression of LC3-II under hypoxic stress and decreased the expression of p62

under normoxia and hypoxic stress in a neuronal cell culture [54]. Furthermore,

these findings are also supported by a recent study demonstrating that the activation

of autophagy increased protein levels of LC3-II and Beclin1 and decreased p62 in

neuroblastoma SH-SY5Y cells [58]. Thus, the modulation of autophagy may be a

potential strategy against degenerative optic nerve disease.
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Chapter 10

Axonal Transport

Yuji Takihara and Masaru Inatani

Abstract Glaucomatous optic neuropathy is characterized by degeneration of

retinal ganglion cell (RGC) axons and RGC death. Recent studies have suggested

that glaucoma is a multifactorial disease that involves several molecular mecha-

nisms. RGCs have long axons that provide spatial separation between the cell body

and synapses. This anatomical structure has allowed us to use tracer injections to

study axonal transport in RGCs. Increased intraocular pressure has been demon-

strated to induce disturbances in axonal transport of tracers in RGCs. On the other

hand, neurotrophic factors, particularly brain-derived neurotrophic factor (BDNF),

have been demonstrated to support the survival of damaged RGCs in vitro and

in vivo. Therefore, disturbances in retrograde axonal transport of BDNF may be

associated with RGC death in glaucomatous optic neuropathy. Here we summarize

the current understanding of axonal transport and BDNF in glaucomatous optic

neuropathy. In addition, we introduce our approach to glaucomatous optic neurop-

athy, live imaging of axonal transport in RGCs, which may lead to the prediction of

RGC death in glaucoma patients.
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10.1 Pathomechanisms of Glaucomatous Optic
Neuropathy

Glaucomatous optic neuropathy is characterized by axonal degeneration in retinal

ganglion cells (RGCs) and ultimately RGC death. In recent decades, research on

glaucomatous optic neuropathy has made substantial progress and has indicated

that glaucoma is a multifactorial disease.

In 1858, two hypotheses were proposed to explain pathomechanisms of

glaucomatous optic neuropathy; these include the mechanical and vascular theories.

The mechanical theory, which was proposed byMuller, hypothesized that increased

intraocular pressure (IOP) compressed RGC axons and induced neuronal death.

Approximately one million RGC axons project to the optic nerve head (ONH).

Quigley et al. have used electron microscopy (EM) to evaluate human glaucomatous

eyes and described several histological and structural findings [1]. First, they

reported that an early increase in cup size preceded visual field losses and resulted

from a loss of RGC axons. Second, they reported that as glaucomatous excavation

increased in ONH, the backward and outward rotation of the laminar beams

progressed. Finally, they reported that increased IOP led to a laminar distortion

and subsequent compression of RGC axons.

On the other hand, the vascular theory, proposed by Von Jaeger, hypothesized

that vascular dysfunction resulted in glaucoma. Interestingly, Kawasaki et al. have

reported that retinal arteriolar narrowing is associated with a 10-year incidence of

glaucoma [2].

In 1968, Lampert et al. proposed that interrupted axonal transport contributed to

glaucomatous optic neuropathy [3]. Although this corroborates the mechanical

theory, it does not exclude the vascular theory. Radius reported that in primates,

occlusion of the short posterior ciliary circulation results in the interruption of

axonal transport [4] and that the accumulation of a tracer of axonal transport was

inversely proportional to the perfusion pressure [5].

10.2 Axonal Transport in Glaucomatous Optic Neuropathy

10.2.1 Basic Mechanisms of Axonal Transport

Neurons have complex structures that include axons. RGC axons are particularly long

and must pass through the lamina cribrosa, which is vulnerable to IOP stress. Because

neurons synthesize most proteins in the soma, they must send proteins to their

synapses through axonal transport. The primary components of the neuron’s cytoskel-

eton include microtubules, microfilaments, and neurofilaments. Especially, microtu-

bules serve as the primary rail of axonal transport. Microtubules are made of α- and
β-tubulin dimmers, which undergo polymerization and depolymerization. Microtu-

bules have polarity that includes a fast-extending plus end and a slow-extending
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minus end. Proximal dendrites include a mixed polarity of microtubules, whereas

axons have a regular polarity with the plus end positioned toward the axon terminals.

We have demonstrated that axonal transport of the brain-derived neurotrophic factor

(BDNF) differs between axons and dendrites and these differencesmay result from the

differences in microtubule polarity between dendrites and axons [6].

The quick-freeze, deep-etch EM method has helped to progress research on

molecular motors. This method has revealed that molecular motors have a motor

domain that connects with microtubules and a tail domain that connects with

membranous vesicles. Kinesins and dyneins are responsible for microtubule-

based axonal transport and use ATP for chemical energy. Most kinesins are

responsible for anterograde axonal transport, which go toward the plus end of the

microtubules. Most cytoplasmic dyneins are responsible for retrograde axonal

transport, which go toward the minus end of the microtubules. Axonal transport

is composed of fast transport and slow transport. The velocity of fast transport is

50–400 mm/day. By fast anterograde transport, synaptic vesicles, neurotransmit-

ters, and mitochondria are mainly transported. By fast retrograde transport,

endosomes and mitochondria are mainly transported. The velocity of slow transport

is <8 mm/day. By slow transport, tubulins, actins, and neurofilaments are mainly

transported. Slow transport is responsible for axonal maintenance and cytoskeleton

repair. However, the molecular motors responsible for slow transport on microtu-

bules have been not fully identified.

10.2.2 Studies of Axonal Transport in Glaucomatous
Optic Neuropathy

Axonal transport in RGCs has been the focus of several glaucoma studies. RGCs

are advantageous for studying axonal transport because they have long axons and

their cell bodies and synapses are spatially separated. Anterograde axonal transport

has been studied in RGCs using intravitreal tracer injections. Retrograde axonal

transport of RGCs has been analyzed using tracers injected in central targets for

RGC axons. The study by Anderson et al. indicated that axonal transport of tritiated

leucine is blocked by an elevated IOP in the lamina cribrosa of primates [7]. Inter-

estingly, Quigley et al. reported that by normalizing IOP after a 4 h period of

increased IOP, leucine that had accumulated in the lamina cribrosa almost

completely disappeared [8]. This reversal of axonal transport blockage suggests

that axonal transport of leucine is disturbed in alive RGCs. In addition, this reversal

suggests that RGCs with axonal transport disturbances may be a therapeutic target.

Dandona et al. reported that in primates with chronic increased IOP, anterograde

axonal transport from RGCs to the magnocellular layers in the dorsal lateral

geniculate nucleus was less, compared with that to the parvocellular layers in the

dorsal lateral geniculate nucleus [9]. Using immunohistochemistry, Pease

et al. reported that BDNF and its tropomyosin-related kinase (TrkB) receptor had
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accumulated in ONH of primates with chronic glaucoma [10]. Quigley

et al. reported that acute increase in IOP in rats decreases retrograde transport of
125I-BDNF from the superior colliculus [11]. Martin et al. reported that cytoplasmic

dynein, which is responsible for fast retrograde axonal transport, accumulates in

ONH with increased IOP in rats with experimental glaucoma [12]. This suggests

that increased IOP could cease molecular motor movement. Buckingham

et al. reported that retrograde axonal transport of tracers was impaired in RGCs

long before axonal loss and neuronal death in DBA/2J mice [13]. Consistent with

the findings reported by Buckingham et al. Salinas-Navarro et al. reported that the

number of Brn-3-positive RGCs is greater, compared with the number of RGCs

labeled by a retrograde axonal transport tracer 8 days after laser treatment [14]. This

result suggests that in part of Brn-3-positive living RGCs, disturbances in retro-

grade axonal transport occur in mice with experimental glaucoma. Crish

et al. reported that anterograde transport deficits of a tracer to the superior colliculus

occurred and progressed in a distal-to-proximal manner in DBA/2J mice [15]. More-

over, they proposed that anterograde transport primarily decreases by aging, with

increased IOP as an additional factor.

10.3 BDNF in Glaucomatous Optic Neuropathy

10.3.1 Basic Understanding of BDNF

However, how or whether axonal transport failure causes RGC death in adult

mammals remains unknown. During retinal development, only RGCs that receive

sufficient target-derived neurotrophic factors survive. This suggests that disrupted

retrograde axonal transport of neurotrophic factors and neurotrophic factor depriva-

tion induces RGC death in glaucomatous optic neuropathy. The neurotrophins are

the most characterized family among neurotrophic factors. Neurotrophins, which are

expressed in almost all neurons, play major roles in neurite growth, synaptic

plasticity, and neuronal survival. In mammals, neurotrophins include nerve growth

factor (NGF), BDNF, neurotrophin-3, and neurotrophin-4/5. In the early 1950s,

Levi-Montalcini et al. [16] reported that the mouse sarcoma secretes a soluble factor

that could stimulate growth of sensory and sympathetic neurons in chick embryos;

this factor was later identified as NGF. In 1982, BDNF was purified from pig brain

and was demonstrated to promote survival of chick sensory neurons [17]. BDNF

binds to TrkB, a receptor in the tyrosine kinase family, and the p75 receptor.

Because the first identified neurotrophin NGF is secreted from postsynaptic neurons

and is retrogradely transported, BDNF was thought to be transported retrogradely

alone. However, considerable evidence has indicated that BDNF is anterogradely

transported. In 2001, Kohara et al. used BDNF tagged with green fluorescent protein

(BDNF-GFP) to demonstrate that BDNF is anterogradely transported and trans-

ferred to postsynaptic neurons in an activity-dependent manner [18].

136 Y. Takihara and M. Inatani



The BDNF gene includes five exons. After translation in ribosomes of the

endoplasmic reticulum, the pre-pro-protein of BDNF is transported to the Golgi

and the trans-Golgi network. BDNF is secreted by two pathways: the constitutive

and regulated pathways. In the constitutive pathway, the prosequence of BDNF is

cleaved by the trans-Golgi network-resident protein convertases. Vesicle release in

the constitutive pathway does not rely on intracellular Ca2+. In the regulated pathway,

the prosequence of BDNF is cleaved after budding from the trans-Golgi network.

Vesicle release in the regulated pathway is dependent on intracellular Ca2+. We have

demonstrated that BDNF is expressed in RGCs in a vesicular pattern in both axons

and dendrites. BDNF vesicles produced in the neuron cell body are anterogradely

transported to the synapse by the fast axonal transport. On the other hand, after BDNF

that is released by postsynaptic neurons or via autocrine mechanisms binds to the

TrkB or p75 receptor, the endocytotic vesicles are retrogradely transported.

10.3.2 BDNF in Glaucomatous Optic Neuropathy

Pearson reported that it takes several months for RGCs to be lost by selective

degeneration of neurons in the lateral geniculate nucleus of adult cats using kainic

acid [19]. This finding suggests that adult RGCs do not completely depend on

neurotropic factors derived from their central targets. However, several studies

have reported that BDNF promotes RGC survival. Johnson et al. reported that

BDNF supports the survival of cultured RGCs in vitro [20]. Mansour–Robaey

et al. reported that in rats with optic nerve transection, RGC survival (42 %)

increases with intraocular injection of BDNF when compared with that (20 %)

observed with an intraocular injection of vehicle 2 weeks after optic nerve trans-

action [21]. Interestingly, Cheng et al. [22] reported that in adult rats with optic

nerve transection, the RGC survival rate (76 %) increased 2 weeks after optic nerve

transection with TrkB gene transfer using adeno-associated virus combined with

intravitreal injection of BDNF when compared with controls (10 %). Pease and

Quigley proposed that retrograde axonal transport of BDNF is disturbed in glau-

coma [10, 11]. Therefore, a disturbance of BDNF retrograde axonal transport in

RGCs may be associated with RGC death in glaucomatous optic neuropathy.

10.4 Live Imaging of Axonal Transport in RGCs
in Glaucomatous Optic Neuropathy

Recent studies on glaucoma suggest that glaucoma is a multifactorial disease that

involves several molecular mechanisms and other types of retinal cells. Impor-

tantly, glaucoma is defined by degeneration of RGC axons and final RGC death.

Here we introduce our approach for predicting RGC death in glaucoma [6].

We hypothesize that evaluating axonal transport in RGCs will allow us to detect
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early axonal damage before RGC death in glaucoma. Interestingly, the data

reported by Quigley et al. in a glaucoma model suggest that increased IOP disrupts

axonal transport in alive RGCs and that by normalizing IOP after increased IOP,

axonal transport blockage disappears before RGC death [8]. However, evaluation

of axonal transport in RGCs has been limited to observations using fixed sections.

To visualize axonal transport of BDNF in living RGCs, we purified rat RGCs

using a two-step immunopanning procedure and transfected purified RGCs with a

plasmid encoding BDNF-GFP. To evaluate axonal transport of BDNF-GFP in

living RGCs, time-lapse imaging was conducted in a chamber maintained at

37 �C and 5 % CO2. Time-lapse imaging of the transfected RGCs revealed

anterograde and retrograde axonal transport of BDNF-GFP (Figs. 10.1 and 10.2).

To detect disturbances in axonal transport of BDNF-GFP vesicles resulting from

axonal damage, we conducted time-lapse imaging of the transfected RGCs after

treatment with colchicine, which disrupts the assembly of microtubules. The

number of BDNF-GFP vesicles transported in RGC axons decreased 2 and 3 h

after the colchicine treatment, as compared with controls (Fig. 10.3). BDNF-GFP

vesicles which could not move smoothly were observed 3 h after the treatment

(Fig. 10.3). Until 3 h after colchicine treatment, no RGCs were positive for

Fig. 10.1 Live imaging of retrograde axonal transport of BDNF-GFP in RGCs (a) RGC body is

on the right side of Fig. 10.1a. (b) Magnification of Fig. 10.1a demonstrated a retrogradely

transported BDNF-GFP vesicle. Scale bar, 5 μm. Data reproduced from Takihara et al. [6]
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ethidium homodimer-1. These results suggest that axonal transport of BDNF

vesicles in damaged RGC axons is disturbed before RGC death.

Our approach may be useful in predicting RGC death in glaucoma patients.

We believe that one problem in clinical practice with glaucoma patients is that IOP

at which visual field loss does not progress differs among patients. In Japan,

approximately 70 % patients with glaucoma have normal-tension glaucoma.

Fig. 10.2 Live imaging of anterograde axonal transport of BDNF-GFP in RGCs (a) RGC body is

on the upper side of Fig. 10.2a. (b) Magnification of Fig. 10.2a demonstrated an anterogradely

transported BDNF-GFP vesicle. Scale bar, 5 μm. Data reproduced from Takihara et al. [6]
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We frequently experience patients whose visual field loss progresses even when IOP

is less than 15mmHg. The Collaborative Normal-Tension Glaucoma Study revealed

that some patients experience a progression in visual field loss although their IOP

was therapeutically decreased. In addition, these findings suggest that glaucoma is a

group which has common glaucomatous optic neuropathy, but each of which have

the heterogeneous main pathomechanisms. However, if we can quantify the stress

level of RGCswith live imaging of axonal transport in RGCs, wemay then be able to

successfully predict RGC death in patients with glaucoma because the retina is the

only part of the central nervous system that is directly visible without invasive

techniques. Although there are many challenges in live imaging of axonal transport

in RGCs of patients with glaucoma, the study of live imaging of axonal transport

of BDNF in vitro suggests that live imaging of axonal transport in RGCs may be

useful for predicting the future loss of RGCs in glaucoma and ultimately lead to

the development of personalized medicine for patients with glaucoma.
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Chapter 11

Interaction Between RGC Bodies and Glia

Kenji Kashiwagi

Abstract The interactions between glial cells and retinal ganglion cells (RGC) in

glaucoma are complicated and are variable depending on the cell types and the

status of cell activity. Structural stability is only one function of glial cells. Other

important roles of glial cells include intertalking with neurons, other glial cells, and

extracellular matrix through direct or indirect communication methods. The tran-

sition from quiescent status to reactive status drastically changes the activity and

characteristics of glial cells in glaucoma. Glial cells exert both neuroprotective

and neurotoxic effects on RGC and effect not only cell survival but also cell

morphology, synapse connectivity, and cell functions. Investigations into glial

cell modulation and their roles in glaucoma could provide new strategies for

glaucoma therapy that could complement intraocular pressure reduction therapy.

These new strategies could rescue RGC from death, promote optic nerve regener-

ation, preserve dendritic morphology and synaptic connectivity, and inhibit the

pathological reformation of extracellular matrix in the optic nerve.

Keywords Astrocyte • Microglia • Oligodendrocyte • Reactive glia • Retinal

ganglion cell

11.1 Introduction

Glaucoma is a disease of progressive retinal ganglion cell (RGC) death that is

primarily caused by the pathological elevation of intraocular pressure (IOP). Many

studies have revealed that glial cells surrounding the RGC had a deeply involved

glaucomatous neuropathology. New roles of glial cells have been unveiled through
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extensive investigations [1]. The primary role of glial cells involves maintaining the

activity of RGC and providing structural support. However, glial cells have a

biphasic relationship with RGC, namely through their neuroprotective action and

neurotoxic action. There are several types of glial cells in human ocular tissues.

Interestingly, different subtypes of glial cells exert different effects on RGC.

Glaucomatous optic neuropathy is considered to be accompanied by dramatic

alterations in the functional properties and distribution of glial cells in both the

retina and the optic nerve head (ONH). Unfortunately, the relationship between

glial cells and RGC death remains unknown. In this chapter, the interactions

between RGC and glial cells are discussed with a focus on the pathology and

treatment of glaucoma.

11.2 Glial Cells in Ocular Tissue

The somata of RGC form a layer in the inner sensory retina, and a demyelinated

retinal nerve fiber lays on the surface of the retina and travels to the optic disc. The

demyelinated axon fibers are myelinated around the post-lamina cribrosa region in

the human eye. RGC is associated with different types of glial cells depending on

the location.

11.2.1 Optic Nerve Head (Figs. 11.1 and 11.2)

In the optic nerve, glial cells include astrocyte, oligodendrocyte, and microglia.

There are two subpopulations of astrocytes in normal optic nerves. Astrocytes are

the primary glial cell type in nonmyelinated ONH in most mammals and provide

cellular support to the axons, forming an interface between connective tissue

surfaces and the surrounding blood vessels [3]. Type 1A astrocyte expresses only

glial fibrillary acidic protein (GFAP), and type 1B astrocytes express both GFAP

and neural cell adhesion molecules (N-CAM). Type 1A astrocyte is found through-

out the optic nerve, but type IB astrocyte is the predominantly type in the optic

nerve head. Type lA astrocyte provides structural support for the axons, while type

1B cell provides a physiological interface between the vitreous connective and

vascular tissues. In the lamina cribrosa, astrocytes form lamellae that are oriented

perpendicular to the axons, while the astrocytes themselves surround the blood

vessels in the nerve fiber layer of the retina. Astrocyte processes occupy the

prelaminar region and the absence of glial columns. In the lamina cribrosa, the

nerve bundle area is occupied by cell bodies of astrocytes. Within the lamina

144 K. Kashiwagi



cribrosa of monkeys and humans, where each capillary is embedded within a

connective tissue sheath, the astrocyte envelops the axon beams.

Oligodendrocyte lies along the long axis of the nerve in a group of five or more

cells. Solitary astrocyte occupies in a space between the groups of oligodendro-

cytes. Primary processes of oligodendrocyte separate axon bundles orthogonally

and radially into fascicles. The major function of oligodendrocyte is myelinating

multiple axons for axonal integrity and nodal function in addition to supporting for

neurons as other glial cells [2].

Microglia, the resident immune cell, has important roles in innate immunity and

inflammatory neuropathology. Microglia forming stellate shape with thin, ramified

processes exists as a quiescent form in human normal optic nerve heads. These cells

were found throughout the normal ONH in the walls of large blood vessels and

surrounding capillaries in the glial columns and the cribriform plates [4].

Fig. 11.1 Electron micrographs of glial cells in the lamina cribrosa of a normal adult monkey. (a).
Low power view of the cribriform plates (CP) oriented perpendicular to the axons (Ax) of the

retinal ganglion cells. Astrocytes (As) are elongated and extend thin processes into the ECM of the

plates. Lamina cribrosa cells (LCC) are star-shaped cells inside the ECM of the plates. Bar 1 μm.

(b). High magnification of the cribriform plates showing astrocytes forming lamellae. The

basement membrane (BM) that surrounds the astrocyte cell body and processes. The inset shows
the cytoplasm of an astrocyte stained with antihuman GFAP and immunogold labeling. (c).
Lamina cribrosa cell in the core of the plates. Bar 1 μm. (d). Detail of the cell/cell contacts

(arrow) between processes of the astrocytes in the core of the plates. (Adapted from Hernandez

et al. [1])
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11.2.2 Retina (Fig. 11.3)

The retina contains two types of macroglial cells, namely Müller cell and

astrocytes, and microglia. Müller cell is a type of astrocyte and is the main

glial cell of the neuronal retina. The human retina contains 8–10 million Müller

cells. Müller cell spans the entire thickness of the retina and makes contact with

the retinal neurons. Although Müller cell was classically considered to primarily

provide structural stability to the retina, it also plays an important role in

supporting photoreceptor and ganglion cell survival. Astrocyte is important in

the development, maintenance, and functioning of retinal neurons and blood

vessels. Astrocyte possesses an elongated type and star-shaped type, with somata

located in the ganglion cell layer and nerve fiber layer of the retina. Processes of

astrocyte wrap around the blood vessels of the superficial plexus and the basal

lamina of the vitreal surface in conjunction with Müller cell processes. Astrocyte

Fig. 11.2 Confocal images of rat optic nerve glia. (a) Oligodendrocytes have 5–50 parallel

processes connecting to the internodal myelin sheath. (b) Astrocytes extend thick processes

perpendicular and parallel to the axonal axis, which terminate in bulbous swellings or end feet

at the pia and on blood vessels. Scale bar, 50 μm. (Adapted and modified from Butt et al. [2])
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is absent in an avascular retina and is only associated with blood vessels in

vascularized retina. Astrocyte possesses a stellate morphology with somata

located in the ganglion cell layer and nerve fiber layer of the retina. Microglia

is specialized innate immune cells that reside in the retina and is sensitive to

changes in their microenvironment.

Fig. 11.3 Glial cells in the retina. Schematic drawing of the cellular constituents of a human

retina. The perikarya of Müller cells are localized in the inner nuclear layer (INL). The funnel-

shaped end feet of Müller cells form the inner surface of the retina. In the outer (OPL) and inner

plexiform layers (IPL), side branches which form perisynaptic membrane sheaths originate at the

stem processes. Both astrocytes (AG) and Müller cells contact the superficial blood vessels and the

inner surface of the retina. In the outer nuclear layer (ONL), the stem process of Müller cells forms

membrane sheaths which envelop the perikarya of rods (R) and cones (C). Microvilli of Müller

cells extent into the subretinal space which surround the photoreceptor segments (PRS). Microglial

(MG) cells are located in both plexiform layers and the ganglion cell layer (GCL). A amacrine cell,

B bipolar cell, G ganglion cell, H horizontal cell, P pericyte, RPE retinal pigment epithelium.

(Adapted from Reichenbach et al. [5])

11 Interaction Between RGC Bodies and Glia 147



11.3 Interaction Between Glial Cells and RGC Under
Physiological Conditions

The major role of glial cells is involved in maintaining normal neuronal activity

through bidirectional communication with neurons, which has a wide range of

properties, such as production of neurotrophic factors, provision of basic metabolic

support for neurons, regulation of the local concentration of some molecules

including potentially neurotoxic, and modulation of the ionic balance of the extra-

cellular space surrounding neurons.

11.3.1 Optic Nerve

In the optic nerve, glial cells insulate neurons, provide physical support, and

supplement them with several metabolites and growth factors. These

neurosupportive cells also play important roles in axon guidance and the control

of synaptogenesis [6–8]. Astrocytes provide a variety of growth factors for neuron

survival. In addition, astrocytes play many roles: supplying energy substrate to

axons, maintaining extracellular pH and ion homeostasis, axon-glial signaling, and

extracellular matrix (ECM) remodeling. Tenascin C is an astrocytic multifunctional

ECM glycoprotein that potentially promotes or inhibits neurite outgrowth [9]. An

excitatory neurotransmitter glutamate exerts neurotoxic action with high dose.

Oligodendrocytes terminate the activity of glutamate by uptake into their cell

body, which contributes alleviation of neuronal damage.

11.3.2 Retina

Müller cells perform a wide range of functions. They provide structural stability to

the retina and are also considered to support photoreceptor and ganglion cell survival.

Under normal conditions, Müller cell is believed to maintain the extracellular

homeostasis of relevant ions through ion channels, glucose, and other metabolites;

water primarily via aquaporins; and pH and neurotransmitters such as glutamate and

gamma-aminobutyric acid (GABA) through transporters.Müller cells are involved in

maintaining the inner blood-retinal barrier and in recycling neurotransmitters. Each

Müller cell forms a functional unit with retinal neurons and interacts with the neurons

of its column in a symbiotic relationship; Müller cells are also responsible for the

functional and metabolic support of their associated neurons. These cells are also

involved in recycling neurotransmitters, thus serving an important role in the regu-

lation of neuronal activity. Müller cells generate neurotransmitter precursors such as

glutamine, lactate, alanine, and α-ketoglutarate. They also release gliotransmitters

with other neuroactive substances such as glutamate, D-serine, adenosine triphos-

phate (ATP), adenosine, and purinergic receptor agonists.
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Astrocytes are important in the development, maintenance, and functioning of

retinal neurons and blood vessels and act in roles similar to those of Müller cells.

Microglial cells are the resident immune cells responding sensitively to micro-

environment changes arising from any neurodegeneration. Macroglia are electri-

cally and chemically coupled to each other, thus integrating hemodynamics with

neurodynamics.

Glial cells are involved in neurotransmission among glial cells. Ca2+ waves

between neighboring astrocytes, between Müller cells, or between astrocytes and

Müller cells are often coupled to neuronal activity and spread via the release of ATP

or through internal messengers. Macroglia could be more directly involved in

neurodynamics, as Müller cells serve as optical fibers and both classes of macroglia

can release gliotransmitters. They also enhance synaptic transmission by wrapping

around ganglion cell axons and modifying the expression of neurotransmitter

transporters.

11.4 Interaction Between Glial Cells and RGC
in Glaucoma

11.4.1 Optic Nerve

Glial cells transform from quiescent status to reactive status arising by glaucoma or

experimental glaucoma models, and this transition drastically changes the activity

and characteristics of glial cells.

Reactive astrocytes are considered to play a main role in glaucomatous optic

neuropathy. Increased IOP, hypoperfusion, or other stimuli may trigger to trans-

form astrocyte to reactive status. In the primate model of ocular hypertension,

astrocytes round up and migrate from the core of the cribriform plates and express

tenascin, an ECM molecule, as evidence of their activation [10, 11]. Astrocytes

from genetically prepared mouse glaucoma model show thickening of processes,

simplification of their processes, and localized hypertrophy of processes [12].

In human glaucoma, the organization of astrocytes in the anterior part of the

optic nerve shows marked disruption. Astrocytes in the prelaminar ONH gather and

migrate, abandoning their columnar organization in glaucoma or experimental

glaucoma models [8] (Fig. 11.4).

The roles of quiescent and reactive glia in the process of ECM remodeling are

dramatically different. Reactive glial cells accelerate the remodeling and disorga-

nization of collagens I and III, basement membrane collagen IV, microfibrillar

collagen VI, tenascin C, and elastic ECM [10–14]. To model glaucoma, ONH

astrocytes have been exposed to hydrostatic pressure or mechanical stretching

in vitro, resulting in the upregulation of many of these ECM components. Axonal

debris is phagocytosed and the neural area contracts and is replaced by a GFAP-

positive astrocytic scar [1, 15]. Activated glial cells in either the optic nerve or the
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retina show different characteristics. The proliferation of astrocytes is only

observed in astrocytes in the optic nerve. Glaucoma and experimental glaucoma

models show that retinal and ONH astrocytes respond differently to damage.

In addition to modulating the ONH environment, astrocytes are also known to

produce and/or respond to neurotoxic molecules including nitric oxide, tissue

necrotic factor-α (TNF-α), interleukin 6 (IL-6)-type cytokines, and endothelins

[16–20].

Hypertrophy, reorganization, or increases in the density of microglia have been

observed in the optic nerve, which transforms microglial cell from quiescent to

reactive [4]. Reactive microglia cells change the amount of secretion of a number of

cytokines and trophic factors, which can be protective or destructive. Reactive

microglia demonstrate increased immunolabeling for TNF-α, TNF receptor-1,

TGFβ2, proliferating cell nuclear antigen, cyclooxygenase 2, and MMP and

TIMP proteins [21]. They are also implicated as sources of reactive oxygen species,

as well as initiators of both protective and destructive immune responses.

In the central nerve system, oligodendrocytes are exceptionally sensitive to any

insults to the neurons, such as injury, ischemia, or inflammation, which result in the

loss of oligodendrocytes and myelin, and eventually secondary axon degeneration.

However, the role of oligodendrocytes in glaucoma is controversial. Nakazawa et al.

Fig. 11.4 Morphological changes in the optic nerve head of monkey experimental glaucoma

model. (a–c) are sagittal sections from a normal eye. (d–f) are sagittal sections of the contralateral
eye with chronic elevated IOP. (a) GFAP staining (red) is localized to astrocytes forming the glial

columns in the prelaminar region (Prelam) and to astrocytes in the lamina cribrosa (LC) of the

optic nerve head. (b) NCAM staining (green) is localized to astrocytes in the glial columns and the

lamina cribrosa. NCAM also stains the axons of the nerve head. (c) Co-localization of both

epitopes to astrocytes. (d, e) GFAP and NCAM staining in hypertrophied astrocytes in the lamina

cribrosa. Note that astrocyte processes occupy the prelaminar region and the absence of glial

columns. In the lamina cribrosa the nerve bundle area is occupied by cell bodies of astrocytes. Note

that NCAM staining of the axons is noticeably decreased. (f) Co-localization of NCAM and GFAP

to astrocytes. Magnification 750. (Adapted and modified from Hernandez et al. [8])
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had reported that oligodendrocyte death is not only an early event in glaucoma but

also a central mechanism through which the axons are damaged leading to the

subsequent death of RGC [22]. Oligodendrocytes negatively regulate axonal pro-

motion through semaphorin and Sema5A [23]. In contrast, Son et al. had found only

a modest loss of oligodendrocytes that occurred after axons had already degenerated.

They found a large increase in astrocyte reactivity occurred early in both animal

models [24]. In human glaucoma, a marked proliferation of astrocytes, which is a

sign of advanced gliosis, had been reported [25]. The characteristic response of

astrocytes and oligodendrocyte progenitor cells is a reactive gliosis and the forma-

tion of a protective glial scar. However, the glial scar is also highly inhibitory, and

oligodendrocyte progenitor cell is one of the most potent inhibitors of axon

regeneration.

11.4.2 Retina

Practically, glaucomatous changes are limited to characteristic changes in the optic

nerve head and loss of retinal nerve fiber and RGCs in the retina. Many studies

revealed that glaucoma results in some morphological and functional changes in the

retina and that retinal glia makes an important role of these. Reactive Müller cell

could increase the susceptibility of RGCs to stress signals and contribute to disease

progression.

11.5 Role of Glia in Glaucomatous RGC Death

Recent studies indicate that glial cells are actively involved in the initiation of RGC

apoptosis. Increased retinal expression of GFAP appears to be an early event in the

pathogenesis of glaucoma (Fig. 11.5). The exclusive co-localization of caspases

with GFAP in the retina was observed in a rodent glaucoma model. Increased

Müller cell reactivity for Fas-associated death domain, an important component for

Fas-caspase-mediated apoptosis, indicates that glial cells contribute to RGC apo-

ptosis from elevated IOP. Retinal glial cells are a major source of extracellular

ATP. Müller cells release ATP in response to mechanical stimuli. In experimental

glaucoma, extracellular ATP mediates the apoptotic death of retinal ganglion

cells [27].

11.5.1 Axon Change and Synaptic Connectivity

There are clear evidences of RGC dendritic alterations in glaucoma. Early changes,

including thinning and reduced arbor complexity, occurred in the RGC dendrites of
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Fig. 11.5 Changes in expression of GFAP in retina after elevation of intraocular pressure (IOP).

Expression of GFAP is enhanced by a time-related manner. Numbers indicate day(s) after IOP

elevation. Note the immunostaining of the Müller cells after (arrows). Bar, 50 μm. (Adapted and

modified from Woldemussue et al. [26])
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a primate glaucoma model [28]. Parasol cells from glaucomatous eye contain fewer

dendritic processes, a less complex dendritic tree, and greater variation of individ-

ual dendrites in thickness along their lengths [29] (Fig. 11.6). Dendritic arbor

retraction and remodeling have also been described in other experimental glaucoma

Fig. 11.6 Morphologic change in experimental glaucoma monkey eye. Compared to the with

parasol cells from normal eye (a–d), neurons from glaucomatous eye contain fewer dendritic

processes, a less complex dendritic tree, and greater variation of individual dendrites in thickness

along their lengths (e–h). Scale bars, 25 μm (Adapted from Weber et al. [29])
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models [29, 30]. These morphological changes occurred prior to RGC shrinkage

and axon atrophy, suggesting that dendritic defects could be an early sign of

glaucomatous neurodegeneration. Synaptic connections may be also damaged at

early stage of glaucoma. The levels of c-Fos, a marker of neuronal connectivity,

declined early after laser-induced ocular hypertension in rats [31].

A substantial reduction in the bifurcation and the diameter of the dendritic trees

in RGC was reported in a postmortem study of glaucomatous human retinas, though

the number of remaining RGCs was extremely low due to the advanced stage of the

disease [25] (Figs. 11.7 and 11.8). Although it is not fully understood, retinal glia is

considered resulting in synapse elimination by stimulating a complement cascade

observed in the central nerve system.

11.5.2 Role of the Glial Cell Modulation of Glutamate
in Glaucoma

Alterations in the activity and levels of glutamine synthetase have been reported in

models of ocular hypertension [32, 33]. Reactive Müller cells could impair RGC

functioning in glaucoma by malfunction in the potassium buffering system, water

Fig. 11.7 Morphological changes in RGC axons of human glaucoma eye. Compared with the

central axons (a) and peripheral axons (b) in a normal retina, glaucoma axons show much more

enlarged beads along the axons in both the central (c) and peripheral (d). (Adapted and modified

from Pavlidis et al. [25])
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clearance or production of antioxidant molecules. Reactive Müller cells also

upregulate NF-κB activity and release neurotoxic factors, including TNF-α, NO,
and alpha2-macroglobulin, that could directly contribute to RGC loss in glaucoma

[16–20, 34–37]. The enhanced Müller cell-derived production of polyamines, a

family of arginine-derived co-activators of NMDAR, exacerbated the excitotoxic

death of RGCs [38]. The reduced expression of Müller cell proteins that typically

play a supportive role for RGCs could trigger death signals in these neurons.

11.5.3 Reactive Gliosis of Glia

Gliotic Müller cells increase in stiffness due to the upregulation of intermediate

filaments, in particular GFAP [39]. This inhibits neurite growth and could be one

reason for aberrant retinal tissue repair after retinal injury. Additionally, gliotic

Müller cells increase the expression of ECM and cell adhesion molecules; these

molecules function as chemical inhibitors of axonal growth and neuronal regener-

ation. Retinal gliosis occurs early in the astrocytes and Müller cells of genetically

prepared mouse glaucoma model. Gliosis of glaucoma is different from that of CNS

Fig. 11.8 Morphological changes in midget and parasol cells of the human glaucoma eye. Midget

cells within glaucomatous retinas (b, c) show increase of eccentricity and reduction of the

bifurcation frequency compared with control (a). Parasol cells within glaucomatous retinas (e, f)
show marked decrease of the arborization and reduction of branching frequency compared with

control (d) (Adapted from Pavlidis et al. [25])
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injury and disease in which the proliferation and hypertrophy of glial cells such as

astrocytes and microglia occurs. Müller cells do not proliferate, but microglia

proliferates during glaucoma development [40].

11.5.4 Role of Microglia in Glaucoma

As in the ONH, microglia overactivation often results in the excess production of

pro-inflammatory and neurotoxic factors such as TNF-α, interleukin-6, NO,

endothelin, complement proteins, and superoxide [41–43]. Reactive microglia

have been reported in the retina and optic nerves in animal glaucoma models

[11, 24, 40, 44–46] and in human glaucoma [4, 21]. The microglial response is

considered as an early event in glaucomatous neuropathology [47, 48].

11.6 Strategy for Glial Cell-Induced RGC
Rescue or Regeneration

There are sufficient evidences that ocular glial cells are deeply involved in RGC

damage in glaucoma, which indicates that glial cells could be a good target to

rescue RGC from glaucomatous insult. Strategies for glial cell-related RGC pro-

tection include rescue from RGC death, the promotion of optic nerve regeneration,

the preservation of dendritic morphology and synaptic connectivity, and the inhi-

bition of the pathological reformation of ECM in the optic nerve.

Reactive glial cells in the retina and/or optic nerve could protect RGCs from cell

death via various mechanisms, including the secretion of neurotrophic and growth

factors, particularly the basic fibroblast growth factor (bFGF) and the glial cell line-

derived neurotrophic factor (GDNF). Retinal glial cells mediate RGC death by

modulating extracellular ATP [27]. Retinal astrocytes transformed RGCs into an

active regenerative status through the upregulation of CNTF [49]. For the preser-

vation of dendritic morphology and synaptic connectivity, neurotrophic factors also

serve an important role in optic nerve regeneration either directly or indirectly

through retinal astrocyte/Müller cells. They induce axon growth through the regu-

lated intramembranous proteolysis of p75 neurotrophic factor receptors. Glial-

related neurite outgrowth appears to be mediated via apolipoprotein E (ApoE),

which is secreted from activated retinal astrocytes and Müller cell [50].

The ECM in the ONH are modulated through the release of metalloproteinases

(MMP) and plasminogen activators from RGC axons, as well as tissue inhibitors of

metalloproteinases from the optic nerve glia. Therefore, the regulation of MMP and

TIMP expression could be effective in preventing the progression of glaucomatous

ONH cupping [51].
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The role of microglia in the onset or progression of glaucoma has not been

unequivocally established; however, strategies that prevent microglia activation or

function have proven to be beneficial for injured RGCs [47, 52, 53]. In their

activated state, microglia possess beneficial functions including the clearance of

toxic debris and the release of neurotrophic and anti-inflammatory factors. The

modulation of microglia activation via the deletion of the phagocytic microglial

receptor CD11b may be neuroprotective in experimental glaucoma [22]. Microglia

with the upregulation of GFAP expression promotes the neural process [54]. The

inhibition of microglia activation was achieved using minocycline-delayed RGC

death in models of optic nerve injury [55, 56].

11.7 Summary

Many previous studies revealed that glial cells are deeply involved in RGC survival

and activity. The roles of glial cells in RGC survival are very complicated and

variable depending on the degree of activation status. It is clear that glial cells are

not simple passive structural elements but interact with neurons in a dynamic

manner, which is important for coupling neuronal and glial functions.

In glaucoma, RGC showed morphological and functional changes prior to cell

death, and glial cells are deeply involved in this. It is challenging to regenerate RGC

so far, but it is possible to rescue RGC that show morphological and functional

changes prior to their death by modulating glial cells; this may represent a new

strategy for glaucoma treatment in addition to IOP reduction.
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Chapter 12

Aquaporin in Optic Neuropathies

Akiyasu Kanamori

Abstract The aquaporins (AQPs) are plasma membrane water-transporting

proteins. Many AQPs have been identified as playing essential roles in the nervous

system and in ocular functions. The AQPs are potential drug targets for several

neurological conditions. Additionally, recent evidence has demonstrated that some

AQPs are involved in the pathophysiology of optic neuropathies. Notably, AQP4, a

pure water channel expressed at astrocytes in the optic nerve, is the first target of

neuromyelitis optica (NMO) in optic neuritis. AQP9 facilitates the transport of

lactate for neural energy metabolism and may be considered an essential factor for

retinal ganglion cell survival. This review summarizes the expression and known

functions of the ocular AQPs related to optic neuropathies.

Keywords Aquaporin • Astrocytes • Müller cell • Retinal ganglion cell • Water

channel

12.1 Introduction

Water is an important molecule involved in all biochemical processes in living cells

and diffuses rapidly through water channels known as aquaporins (AQPs). In neural

cells, water is an essential factor for life that plays important roles in development

and the spreading of electrical activity [1]. The AQPs are a family of integral

membrane transport proteins; the family functions as water channels with broad

permeability that includes water, gases (CO2, nitric oxide), ions (K
+ and Cl�), and

other small solutes (e.g., glycerol, urea) [2]. Fourteen AQPs have been identified in

humans and rodents, and at least eight of these facilitate water movement
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(Table 12.1). The AQP family is subdivided into the following three groups

according to sequence homology and permeability: (1) AQPs 0, 1, 2, 4, 5, 6, and

8 belong to the “pure water channel family” and are primarily permeable only to

water; however, AQP6 is permeable to anions, and AQP8 is permeable to urea;

(2) the “aquaglyceroporin” subgroup is composed of AQP3, 7, 9, and 10 and

facilitates the diffusion of water and some monocarboxylates, such as lactate and

beta-hydroxybutyrate (AQP9) [3]; and (3) the third “super-aquaporins” group is

composed of AQP11 and 12, which are localized in the cytoplasm; however, their

permeability has not been determined, and these aquaporins might be involved in

intracellular water transport and the regulation of organelle volume [4].

Recent studies have demonstrated the involvement of AQPs in central nervous

system (CNS) disorders. Notably, it has recently been established that

neuromyelitis optica (NMO) is an AQP4-related CNS disease in which astrocytes

are damaged by AQP4-specific antibodies. Additionally, AQPs are expressed in

various cell types in ocular tissues. Accumulating evidence indicates the involve-

ment of AQPs in optic neuropathies in which retinal ganglion cells (RGCs) are

impaired. This chapter will focus on the recent discoveries on AQPs in optic

neuropathies.

Table 12.1 Localization of aquaporins in the nervous system and the ocular tissues

Isoform Group

Localization in the nervous

system Localization in the ocular tissues

AQP1 Pure water

channel

Astrocytes, choroid plexus epi-

thelial cells, Schwann cells,

non-myelinated dorsal root

ganglion neurons

Corneal stroma and endothelium,

ciliary epithelium, trabecular

meshwork, lens epithelium,

RPE cells

AQP2 Pure water

channel

Ependymal cells, Schwann cells Inner limiting membrane, RPE

cells

AQP3 Aquaglyceroporin Astrocytes RPE cells

AQP4 Pure water

channel

Astrocytes, ependymal cells Ciliary epithelium, trabecular

meshwork, Müller cell,

astrocytes

AQP5 Pure water

channel

Astrocytes RPE cells

AQP6 Pure water

channel

Müller cells

AQP7 Aquaglyceroporin Inner limiting membrane, Outer

limiting membrane, RPE cells

AQP8 Pure water

channel

Astrocytes, ependymal cells,

oligodendrocytes

AQP9 Aquaglyceroporin Astrocytes, ependymal cells,

tanycytes

Astrocytes, amacrine cells,

RGCs, photoreceptors, RPE

cells

162 A. Kanamori



12.2 AQP Expression in the Nerve System

and the Ocular Tissues

AQP expression has been studied for the past two decades. It has been revealed that

various cell types in the ocular tissues express AQPs. The expression pattern and

location of AQPs in the nervous system and the ocular tissues are summarized in

Table 12.1.

AQP1 is expressed in the plasma membrane of choroid plexus epithelial cells

and plays a role as a channel for cerebrospinal fluid [5]. Additionally, some

evidence has demonstrated the upregulation of AQP1 under pathological condi-

tions. AQP1 is found in reactive astrocytes accumulating in subarachnoid hemor-

rhage lesions [6], contusions [7], cerebral infarctions, multiple sclerosis [8], and

Alzheimer’s disease [8]. In the spinal cord, reactive astrocytes expressing AQP1

surround the lesion [9]. These observations have demonstrated a pathological role

for AQP1 in the abnormal regulation of water transport. In the eye, the corneal

stroma and corneal endothelium express AQP1 [10], suggesting a function in fluid

transport in the cornea. AQP1 is present in the non-pigmented ciliary body epithe-

lium [11, 12], the endothelium of the trabecular meshwork, and the endothelium of

the canal of Schlemm [13]. AQP1 controls the production and outflow facility of

aqueous humor [14, 15]. In the retina, amacrine cells, photoreceptor cells, and

retinal pigment epithelium (RPE) cells express AQP1 [15–17]. AQP1 also facili-

tates efficient transepithelial water transport across the RPE.

AQP4 is the most abundant water channel in the CNS [18–20]. Although AQP4

is widely expressed in the astrocyte cell plasma membrane, it is primarily located at

specific lesions, such as astrocyte foot processes [21, 22]. The subpial processes

with AQP4 form the glial limiting membrane with the perivascular astrocyte end

feet and the basolateral membrane of the ependymal cells and subependymal

astrocytes in the brain. This expression of AQP4 at the borders between the brain

and the water-containing components suggests that AQP4 plays a key role in the

flow of water into and out of the brain. Furthermore, AQP4 is primarily localized in

the perivascular astrocyte and foot processes and in the glial limiting membrane in

the spinal cord. In the ocular tissues, many cells express AQP4, including the

basolateral membranes of non-pigmented ciliary epithelium, the endothelium of

the trabecular meshwork, Müller cells, and astrocytes in the retina and optic nerve

[13, 20, 23, 24]. AQP4 expression in Müller cells shows a polarized distribution

with predominant expression in the end feet membranes [23]. This expression

pattern suggests that Müller cells have a role in water control in the retina and

direct osmotically driven water flux to the vitreous body and vessels [23]. Addition-

ally, AQP4 expression in Müller cells has a similar distribution pattern as the

inwardly rectifying potassium channel Kir4.1 [23]. Astrocytic AQP4 has the poten-

tial to facilitate the clearance of K+ following neural activity [25].

AQP6 is expressed in the membranes of Müller cells that surround the ribbon

synapses and extend into the photoreceptor layer. AQP6 functions as an anion

channel with a high permeability for nitrate [26, 27]. Thus, it is possible that AQP6
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in Müller cells regulates the cell-mediated regulation of synaptic ion

concentrations [27].

AQP9 is weakly expressed in the brain [28], but it has been found to be localized

in a subset of GFAP-positive ependymal cells lacking cilia, called tanycytes

[29]. However, there are conflicting reports about AQP9 expression in the subset

of ciliated ependymal cells [30, 31]. AQP9 is also expressed in the glia limitans and

white matter tracts in the brain and spinal cord [19, 30]. Apparent AQP9 expression

is found in the retina; amacrine cells, RGCs, and astrocyte processes surrounding

retinal capillaries; and the cytoplasm of the inner segments of the photoreceptors

and RPE cells [26, 32–35]. The characteristic pattern of AQP9 expression may be

observed in the optic nerve head. Retinal nerve fibers and optic nerve fibers arise

from the same RGC axon, but they are fundamentally different; the RGC axons that

course through the retina are not myelinated, whereas the optic nerve fibers beyond

the retina become myelinated at the optic nerve head. AQP9 is expressed in

astrocytes at both the optic nerve head and the retrobulbar regions in the human

and monkey, especially in the laminar portion. In contrast, AQP4 expression was

found only in the retrobulbar regions [36]. These findings were also observed in

rodents. The rodent optic nerve head can be divided into three regions: the neck

region, located at the level of the sclera; the transition region, an extension zone

between the neck region and the unmyelinated retrobulbar optic nerve; and the

retrobulbar region, characterized by myelinated axons. In the rat neck and transition

regions, AQP9 expression, not AQP4 expression, was found to co-localize with

GFAP (Fig. 12.1) [33]. This evidence suggests that AQP9 expressed in astrocytes in

the optic nerve head with unmyelinated axons may have different roles than AQP4.

12.3 AQPs in Optic Neuropathies

12.3.1 Neuromyelitis Optica (NMO)

Neuromyelitis optica (NMO) is an autoimmune inflammatory disease of the CNS

that is associated with demyelinating lesions mainly in the optic nerve and spinal

cord and leads to blindness and paralysis [37, 38]. Although NMO had been

classified as a subtype of multiple sclerosis (MS) for many years, it is now clear

that it has distinct clinical and pathological features. Neuropathologic studies have

demonstrated that NMO is characterized by a distinctive vasculocentric pathology

with prominent perivascular immunoglobulin deposition and evidence of the acti-

vation of the complement lytic pathway invoking B cell participation in the disease

process [39, 40]. In 2004, Lennon and colleagues described an IgG, the presence of

which was 73 % sensitive and 91 % specific for clinically defined NMO [41]. The

majority of NMO patients are seropositive for NMO-specific serum autoantibodies,

collectively known as NMO-IgG [41, 42]. Recently, the target antigen of NMO-IgG

has been identified as the mercurial-insensitive water channel protein AQP4, which
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is the dominant water channel within the CNS [43]. Misu and colleagues reported

an immunohistochemical analysis that revealed the loss of AQP4 in 90 % of acute

and chronic NMO lesions, which were more pronounced in the active perivascular

lesions where immunoglobulins and complement were deposited [42]. In addition,

Lucchinetti and Roemer and their colleagues have independently performed a

detailed comparative study of both NMO and MS lesions; in particular, in contrast

to NMO, they revealed that the AQP4 immunoreactivity was variable in the MS

lesions [39, 44]. Now, the loss of AQP4 in the absence of demyelination or necrosis

suggests that the binding of an antibody to AQP4 may be the initial pathogenic

event in the NMO lesions. In an experimental mouse model, Saadoun and col-

leagues demonstrated that the intracerebral administration of IgG from NMO

Fig. 12.1 Immunohistochemistry for AQP1, 4, and 9 (red) in the optic nerve head. GFAP (green)
and nuclei (blue) were also stained. An intense honeycomb pattern of AQP9 immunoreactivity was

detected throughout the optic nerve from the vitreo-optic nerve head interface to the retrobulbar

region where a myelinated axon existed. In contrast, although the neck and the transition regions,

each of which consisted of unmyelinated axons, lacked AQP4 immunoreactivity, the retrobulbar

myelinated optic nerve exhibited intense AQP4 immunoreactivity. ILM inner limiting membrane,

S sclera, C choroid, N neck region, T transition region, R retrobulbar region. Asterisk:
extraocular vein
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patients produced lesions with NMO-like characteristics, including inflammation,

loss of AQP4 and GFAP immunoreactivity, and myelin loss [45]. Two ex vivo

studies of NMO using the optic nerve have been performed. Zhang and colleagues

have demonstrated that recombinant NMO-IgG with human complement reduced

AQP4 immunoreactivity [46]. In another study, Marignier et al. showed that IgG

from NMO patients without human complement damaged the oligodendrocytes in

the optic nerve [47]. Matsumoto and colleagues recently developed rat optic

neuritis model in NMO [48]. They founded that the serum corrected from AQP4-

positive NMO patients directly damaged astrocytes in the optic nerve and finally

reduced nerve fibers and RGCs. This recent evidence focusing on the mechanism of

optic neuritis in NMO and other studies may help to develop new strategies for

NMO treatment. Biological and small-molecule therapeutics have been developed

that block AQP4-specific IgG [49, 50]. Additionally, IgG-selective enzymatic

deglycosylation neutralizes AQP4-specific IgG pathogenicity and produces a ther-

apeutic blocking antibody [51]. We believe that such translational studies will

improve visual performance in optic neuritis in NMO patients.

The new findings in clinical research using imaging systems have been demon-

strated in the NMO retina. Optical coherence tomography (OCT) can evaluate the

thicknesses of the retinal layers. Recent developments in OCT technology have

revealed an increased thickness of the inner nuclear layer (INL) in patients with

NMO when compared with those in MS patients [52]. The cytoplasm of a Müller

cell with abundant AQP4 expression is located at the INL. Additionally,

microcystic macular edema in the INL could be observed in NMO patients

[53, 54], and this occurs significantly more frequently in NMO patients than in

MS patients [55]. AQP4 channels are the conduit for facilitating fluid homeostasis

in the inner retina [25]. The deletion of AQP4 has also been implicated as a cause of

swollen Müller cells in mice [56]. In one study, a hypo-osmolar solution induced

rapid swelling and sodium influx into the Müller cells in AQP4 null mice but not in

the wild-type mice, suggesting that water flux through AQP4 is involved in rapid

Müller cell volume regulation in response to osmotic stress and that deletion of

AQP4 results in swelling of the glial cells of the retinal tissue [56]. Further studies

using imaging technology may help understand the structural dysfunction associ-

ated with AQP4 damage in the retina with NMO.

12.3.2 Glaucoma

Glaucoma is a progressive optic neuropathy that affects the optic nerve head and

RGCs. It is thought that the first trigger of glaucoma is axonal damage at the optic

nerve head. The most important risk factor for glaucoma is an elevated intraocular

pressure (IOP). There are several lines of evidence demonstrating that an elevated

IOP causes a downregulation of AQP9 expression. In the optic nerve, AQP9 is

expressed on astrocytes in the optic nerve head, as mentioned above. Both a rodent
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model and a monkey model of chronic high IOP have revealed reduced AQP9

expression at the optic nerve head (Fig. 12.1) [33, 36]. This was consistent with the

findings in human donor eyes with glaucoma [36]. AQP4 is expressed in astrocytes

at the retrobulbar optic nerve with myelinated axons. The change in AQP4 expres-

sion is controversial in different animal models of glaucoma. Two reports have

demonstrated essentially unchanged AQP4 expression in the optic nerves of

glaucomatous human and monkey eyes and in rats with chronic IOP elevation

[33, 36]. However, AQP4 expression in the optic nerve was increased in a mouse

ocular hypertension model [57].

In the retina with an elevated IOP, the reduced AQP9 expression in the RGCs

was observed in the rat glaucoma model [33]. In the mouse retina with ocular

hypertension, AQP4 expression was reduced [57]. Importantly, retinal function and

cell survival were improved in the AQP4-deficient mice with an elevated IOP

[58]. This evidence suggests that AQP4 and AQP9 are involved in the pathophys-

iology of glaucoma.

12.3.3 Optic Nerve Injury

The optic nerve injury model induced by crush or transection is considered an

axonal injury model that occurs in traumatic optic neuropathy and has been used as

an acute glaucoma model. In the rat model of optic nerve crush, reduced AQP4 and

Kir4.1 expression was found in the retina [59]. This suggests the impairment of ion

homeostasis and K+ spatial buffering. Additionally, AQP9 expression in the RGCs

was reduced in the rat retina with optic nerve transection [34]. Importantly, AQP9

in the RGCs was decreased before cell death in this model (Fig. 12.2) [34]. In

addition, the downregulation of AQP9 by RNA interference significantly increased

apoptosis, reactive oxygen species (ROS) accumulation, and the NAD/NADH ratio

in the RGC-5 cells. These findings suggest that AQP9 loss adversely affects the

survival of RGCs, at least partly because of decreased transport of lactate as a

substrate for energy and/or a ROS scavenger [34]. This series of experiments

suggested to us the importance of AQP9 in neuronal function. Glucose is converted

into lactate in astrocytes, and the lactate is transferred to neurons through a

monocarboxylate transporter (MCT) as a fuel for neurons [60]. In both astrocytes

and neurons, AQP9 at the plasma membrane may facilitate the diffusion of lactate

in conjunction with MCTs [28, 60]. In the retina, a part of the lactate produced in

the astrocytes is taken into Müller cells and then transferred to neural cells

(Fig. 12.3) [61]. The observed reduction in AQP9 levels before the RGC loss

after optic nerve transection has implications in the potential role of AQP9 as a

lactate transporter in the retina and for the significance of the astrocyte-to-neuron

lactate shuttle in maintaining the physiological functions of RGCs and their axons.

Lactate plays another critical role in enabling neural tissue to respond adequately to
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glutamate excitation and to recover after neuronal excitation [62]. The NADH

generated during the lactate-to-pyruvate conversion in the mitochondria can be

used as an endogenous scavenger of ROS to protect the neurons from ROS-induced

damage [62, 63]. AQP9 is known to be located in the mitochondria, where it acts as

a monocarboxylate channel and presumably works with the MCT to transport

lactate [6, 28, 64, 65]. The downregulation of AQP9 expression therefore likely

impairs the transfer of the lactate generated in the cytoplasm into the mitochondrial

membrane. The impaired lactate transfer between these organelles may not only

reduce energy production but may also reduce the cellular content of the ROS

scavenger NADH, resulting in the increased death of neural cells. These lines of

evidence might enable us to develop new therapeutic strategies involving AQPs for

neuroprotection in the RGCs.

Fig. 12.2 Reduction of somatic AQP9 immunoreactivity in ganglion cell layer (GCL) after optic

nerve transection. (a) Immunolabeling for NeuN (green) and AQP9 (red) in the GCL and the

retinal nerve fiber layer of control eyes and of eyes at days 3 and 7 after the transection. The upper
side of the retinal nerve fiber layer faces the vitreous cavity, and the lower side faces the inner

plexiform layer. NeuN-immunopositive cells exhibit AQP9 expression in the centers of their

somata (arrows) or only at the edges of their somata (arrowheads). (b and c) The proportion of

cells immunoreactive for both AQP9 and NeuN at the center of the somata relative to the total of

NeuN-immunoreactive cells in the ganglion cell layer (b) and the mean number of NeuN-

immunoreactive cells in the same field (c) in the sham-operated controls (black bars) and eyes

with optic nerve transection (gray bars). The reduction of AQP9 immunoreactivity in the somata

of cells in the ganglion cell layer preceded the reduction in cell death
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12.4 Conclusions

Research in the field of AQPs has advanced remarkably in the past decade.

However, there remain many questions about the exact functions and regulation

of the AQP families in the nervous system. Regrettably, AQP-selective inhibitors

are not available at the present time. This makes the expansion of AQP research

difficult. However, it is now clear that the AQP families are expressed in many

ocular tissues and play important roles in neural and glial activity. The most striking

finding in AQP research has been that the AQP4 protein in the astrocytes of the

optic nerve is the first target of optic neuritis in NMO. These scientific advances

have furthered our understanding of NMO and are providing new treatments for this

disease. Additionally, AQP9 protein is involved in RGC survival in glaucoma and

axonal injury. We hope that AQP9-targeted therapy could be a new neuroprotective

treatment in the future.

Fig. 12.3 A schema for the astrocyte-to-neuron lactate shuttle hypothesis in the retina. Glucose is

directly transported from the capillary to neurons. Glucose is not oxidized in astrocytes and Müller

cells; instead, it is converted to lactate. This lactate is also transported from these glial cells to

neurons. Glutamate and glutamine are interconverted between the glia and neurons. This cycle

requires ATP, which is produced during the conversion of glucose to lactate
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Chapter 13

Microglia

Yuki Fujita and Toshihide Yamashita

Abstract Microglia are known as the resident immune cells in the central nervous

system (CNS), including the retina. Under normal physiological conditions, they

are involved in the surveillance of the CNS and are required for the construction of

neural circuitry during development. Accumulating evidences have shown that

microglia change to a reactive phenotype under pathological conditions. Microglial

activation is associated with various CNS diseases such as glaucoma. When

microglia are activated, they form an amoeboid shape and release inflammatory

cytokines. Excessive microglial activation causes retinal tissue damage and con-

tributes to apoptosis. In contrast, microglia act as phagocytes that remove apoptotic

neurons, pathogens, and cellular debris. This may proceed to protect retinal neu-

rons. Thus, microglia show dual functions in neurodegeneration. Although it is

under debate whether microglia are good or bad for CNS diseases, both effects

appear to occur in glaucoma. This chapter reviews the roles of microglia in the

retina, with a particular focus on their protective and destructive roles in glaucoma.

Keywords Amoeboid • Glaucoma • Microglia • Ramified • Retina

13.1 Introduction

Glaucoma is a neurodegenerative disease affecting the entire visual pathway and is

characterized by progressive, irreversible loss of retinal ganglion cells (RGC) and

optic nerve axons. These neurodegenerative processes sometimes cause the loss of

visual field sensitivity. It is well established that retinal glial cells react to neuronal

injury in glaucoma, suggesting the involvement of glial cells in cellular fate
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decisions in RGC. Among the three glial cell types localized in the retina, including

microglia, astrocytes, and Müller cells, microglia are involved in immune defense

in the central nervous system (CNS). This chapter focuses on the role of microglia

in the retinal degeneration process. Microglia show the morphological and func-

tional changes at the injury site. These microglial “reactive” states promote

glaucomatous optic nerve degeneration, whereas they also contribute to protect

neurons from cell death after injury. Thus, microglia seem to have bidirectional

effects on glaucoma. Recent studies have provided the underlying mechanisms of

these diverse roles of microglia. Here, we discuss the current knowledge concerning

the neuroprotective or neurodestructive roles of microglia in glaucoma.

13.2 Origin and Distribution of Microglia in the Retina

Based on Cajal’s silver carbonate staining, del Rio-Hortega first demonstrated the

concept of a mesodermal origin of microglia [1, 2]. Since then, there has been much

debate regarding the origin of microglia [3, 4]. There have been three main theories

as to this: (1) mesodermal/mesenchymal tissues [5, 6], (2) neuroectoderm (similar

to neurons, astrocytes, and oligodendrocytes) [7, 8], and (3) circulating blood

monocytes [9]. Recent studies show that microglia are derived from myeloid pro-

genitors in the mouse embryonic yolk sac at embryonic day (E) 7.5 [10–13]. Then,

the cells enter the brain at E9.5 [4, 10–15].

It has been shown that microglia are already present in E11.5 mouse retinas,

primarily in their central site [16]. The amount of microglia increases at E12.5 and

continues to increase until the end of embryonic development. At E12.5, microglia

show a macrophage-like rounded shape and they are also observed in the peripheral

retina. These amoeboid-shaped microglia frequently contain cell debris, thereby

suggesting a phagocytic function. A previous study using an antibody against the

macrophage-specific surface glycoprotein F4/80 showed that amoeboid-shaped

microglia are colocalized with pyknotic nuclei of dying cells [17]. It has been

established that the overproduction of neurons and selective programmed cell death

occurs during retinal development [18, 19]. These observations indicate that

amoeboid-shaped microglia remove cellular debris from apoptotic neurons in the

developing retina. At the end of embryonic development, microglia localize in the

nerve fiber layer (NFL), ganglion cell layer (GCL), inner plexiform layer (IPL), and

neuroblastic layer (NbL). The density of microglia in the retina is reduced at birth,

whereas it increases again during the first postnatal week. The distribution of

microglia in the mouse retina suggests that microglia infiltrate the retina through

the ciliary margin and vitreous body [16]. Microglial infiltration across the ciliary

margin has also been observed in the retinas of other species such as human and

avian [20–22].

It is under debate whether resident microglia in the CNS including the retina

originate from in situ proliferation and/or the recruitment of circulating blood

monocytes [4, 23–26]. Enhanced green fluorescent protein (EGFP)-transgenic
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mice and microglia-specific GFP-expressing mice (Cx3cr1+/GFPmice) were used to

address this controversy in the retina [27–29]. EGFP-expressing bone marrow cells

were transplanted into lethally irradiated mice and the fate of the donor-derived

cells in the retinal flat mounts was evaluated at various time points. EGFP-

expressing bone marrow cells were transplanted into lethally irradiated mice and

evaluated concerning the fate of the donor-derived cells in the retinal flat mounts at

various time points. After 8 weeks, the EGFP-expressing bone marrow-derived

cells infiltrated the retina, and after 6 months they had replaced the microglia in the

retina [27]. In this study, the authors mentioned that the irradiation did not cause

retinal damage that might affect cell recruitment. Further studies to confirm the data

on microglial precursor recruitment have also been reported [28, 29]. These studies

using Cx3cr1+/GFP mice as bone marrow donors enabled the clear visualization of

newly recruited monocyte-derived cells. The earliest recruitment of

GFP-expressing donor cells into the host retina occurred at 4 weeks [28].

In contrast, other researchers suggest that only a small amount of bone marrow-

derived cells exist in the uninjured normal retina [30]. In addition, parabiosis

experiments demonstrated that the CNS microglia are not replenished by bone

marrow-derived progenitors. Since parabiosis studies do not require irradiation or

transplantation, experimental confounds such as perturbation of the blood-retinal

barrier can be excluded [31, 32]. The replacement of microglia by circulating

microglial precursors did not occur under physiological conditions, suggesting

that there is a specific origin of microglia.

13.3 The Function of Microglia in the Healthy Retina

At least two different subtypes of microglia exist in the adult CNS including the

ramified “resting” microglia and the amoeboid-shaped microglia. In the adult

retina, the dominant subtype is the ramified microglia, which are found in the

inner and outer plexiform layers. The ramified microglia serve several functions

in immune surveillance [33, 34]. Although ramified microglia are called “resting”

microglia, recent studies using transgenic mice demonstrate they are not dormant

[35, 36]. Studies based on two-photon microscopy in Cx3cr1+/GFP mice revealed

that ramified microglia have highly mobile processes and arborizations. These

motile processes connect microglia to the retinal environment. In addition,

microglia can monitor the retinal microenvironment via their surface proteins

including receptors for cytokines, chemokines, antibodies, complement, and adhe-

sion molecules [37]. They play roles in immune recognition and immune defense as

the only cell type of immune cells in the CNS. Furthermore, ramified microglia not

only exhibit immune surveillance functions, but also seem to be involved in the

control of neuronal activity and the maintenance of neuronal homeostasis [35].

It has been shown that fractalkine (CX3CL1)–CX3CR1 signaling and the P2Y12

purinergic receptor are important for microglial functions in the healthy CNS

[38]. CX3CR1 is expressed in monocytes, dendritic cells, and subsets of T cells
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and natural killer cells in the circulation and by microglia in the CNS. Fractalkine is

synthesized as a transmembrane glycoprotein and can be proteolytically released

from healthy neurons [39, 40]. Binding of fractalkine to CX3CR1 on microglia

seems to regulate microglial homeostasis. Cx3cr1–/– mice show increased

microglial activation and enhanced neuronal damage [41]. In addition, fractalkine

(CX3CL1)–CX3CR1 signaling seems to be required for synaptic remodeling.

Synaptic remodeling is important for refining the neuronal circuit. In a common

process of the neural development throughout vertebrate CNS, axons initially form

exuberant synaptic connections, and then they are pruned [42]. In vivo imaging by

two-photon microscopy revealed that microglial processes make contacts with

synapses in a neuronal activity-dependent manner [43]. Further, microglial pro-

cesses localize around dendritic spines in the juvenile visual cortex, and the spines

were typically disappeared over 2 days. The deprivation of visual experience

induces microglia to become less motile and localize near dendritic spines

[44]. These observations suggest that microglia regulate neural circuit formation

by eliminating excess synapses.

Adenosine triphosphate (ATP)–P2X4/P2Y12 signaling is also important for

microglial functions. The P2Y12 purinergic receptors transduce their signals by

coupling to Gi-adenylyl cyclase pathways [45, 46] and are highly expressed on

resting microglia in the brain, but not on other tissue macrophages [47]. Microglia

derived from P2Y12–/– mice demonstrated normal morphology and distribution,

whereas they could not polarize, migrate, or extend their processes upon stimula-

tion with adenosine diphosphate (ADP) or ATP. Further, the P2Y12 receptor is

robustly expressed in “resting” microglia, but this expression is reduced after

microglial activation. Although most of these functions were observed in the

brain, similar mechanisms seem to occur in retinal microglia, since P2Y receptor

subtypes have been detected in the retina [48, 49].

13.4 Activation of Microglia in Retinal Degeneration

Early microglial activation in the retina is a common response to progressive

neurodegeneration [50]. When microglia react to injury, their processes immedi-

ately become shorter and they change morphologically from a ramified to an

amoeboid-shaped macrophage-like phenotype. Several surface markers such as

F4/80, complement receptor 3 (CD11b/CD18, OX42), MHC-II (OX6), CD68, and

Griffonia simplicifolia isolectin B4 have been used to detect the activation of

microglia by immunofluorescence staining [51, 52]. After reactivation, microglia

exhibit strongly enhanced proliferation, motility, phagocytosis, and production of a

variety of bioactive molecules. Reactive microglia migrate to the injury site where

they interact with damaged cells [53]. Then, amoeboid phagocytic microglia clean

the cellular debris [54, 55]. Thus, the reactive microglia play important roles in

maintaining a stable environment in the CNS [56]. However, they may also
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exacerbate neuronal diseases, such as age-related macular degeneration or glau-

coma [57–60].

It has been shown that many molecules can trigger the conversion of microglia

from the resting to reactivated phenotype [34]. In vitro culture models with primary

cells and immortalized cell lines such as BV-2, HMO6, and CHME were used to

identify the early signals in microglial activation [61]. It is well established that

LPS induce the activation of microglia. Further, many molecules have been shown

to stimulate or enhance microglial activation [62].

13.5 The Role of Microglia in Glaucoma

Since microglia clear cellular debris from the CNS, this minimizes neuronal

exposure to pathogens and the proinflammatory response. In glaucoma, microglia

also remove debris from degenerating RGC, thereby protecting retinal cells. How-

ever, microglia can produce neurotoxic molecules including proinflammatory cyto-

kines, which may mediate neuronal damage in glaucoma [63–65]. Further,

microglia are also involved in initiating immune processes through antigen presen-

tation and mediate neurodegeneration in the CNS [66–68]. The following sections

summarize both the neuroprotective and neurodestructive functions of microglia in

glaucomatous optic nerve degeneration (Fig. 13.1).

13.5.1 Neurodestructive Role of Microglia in Glaucoma

In the normal physiological state, microglia recognize and defend against infections

and facilitate regenerative processes. In contrast, microglia are abnormally acti-

vated in neurodegeneration, and evidence supporting the neurotoxicity of reactive

microglia is well established [69, 70]. In their reactive state, microglia express and

release various inflammatory proteins such as tumor necrosis factor (TNF)-α,
inducible nitric oxide synthase (iNOS), or interleukin-1 (IL-1), which lead to the

production of nitric oxide and reactive oxygen species [33, 71]. Excessive amounts

of these compounds can damage the surrounding CNS parenchyma. Microarray

analysis revealed the retinal gene expression profile in a model of glaucoma [72,

73]. It has been reported that similar microglia-derived inflammatory proteins are

increased in glaucoma. Several studies support the hypothesis that inhibition of

reactive microglia provides a neuroprotective effect against glaucoma. Early reduc-

tion of microglial activation by irradiation was associated with reduced

neurodegeneration in the DBA/2J mouse model of glaucoma [74]. Other studies

demonstrated that inhibition of reactive microglia by anti-inflammatory drugs such

as minocycline also promote the survival of RGC in the DBA/2J model or

N-methyl-D-aspartate (NMDA)-induced excitotoxic damage [75, 76].
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Inhibition of the signaling initiated by microglial activation may also lead to

neuroprotection. Among the various microglia-derived inflammatory proteins,

TNF-α is specially focused in glaucoma. TNF-α is a proinflammatory cytokine

and is released by microglia in response to infection or injury. In addition, it is

engaged in various neurodegenerative diseases, including glaucoma [77, 78]. TNF-

α has been shown to be involved in RGC death during the pathogenic process of

glaucoma [79, 80]. Although TNF-α stimulated several survival signals, it could

also mediate apoptotic signaling in RGC [81]. In the CNS, TNF-α is predominantly

expressed by reactive microglia and astrocytes. TNF-α and its receptors TNFR1a

and TNFR1b are increased in the retina of glaucoma patients [79, 82, 83]. In these

patients, increased expression of TNF receptors was predominantly observed in the

optic nerve heads. In the damaged optic nerve heads, RGC axons express TNFR1

[83]. In the rat glaucoma animal model of chronic ocular hypertension, the number

of reactive microglia was increased, accompanied by elevated TNF-α [84]. This

study also implies that microglia are the major source of TNF-α expression after

ocular hypertension [84].

A truncated tropomyosin receptor kinase (Trk) neurotrophin receptor isoform,

TrkC.T1, lacking the kinase domain, is involved in glaucomatous RGC death

through TNF-α production [85]. TrkC.T1 expression was upregulated in the

glaucomatous retina. Deletion of TrkC.T1 reduced RGC death and the production

healthy neuron

damaged neuron

Resting
ramified microglia

Activated
amoeboid microglia

immunological surveillance

TNFα, iNOS, IL-1
NO, ROS

neuroprotective factors
phagocytosis

retinal
degeneration

Fig. 13.1 The association between the activity state of microglia and neuronal damage. Ramified

“resting” microglia are involved in immunological surveillance of the CNS and maintenance of

CNS homeostasis. Microglia transform their shape to amoeboid type during CNS injury. These

reactive microglia have both neuroprotective and destructive roles in damaged neurons
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of retinal TNF-α in the experimental glaucoma model. These results suggest that

glaucoma-induced expression of TrkC.T1 and the production of TNF-α result in

RGC death.

Several polymorphisms in the promoter region of TNF-α have been identified

[86]. It has been reported that the occurrence of single-nucleotide polymorphisms

of the TNF-α gene seems significantly higher in high-tension glaucoma patients

[87]. Taken together, these observations indicate that TNF-α expression has a role

in the degenerative process of glaucomatous optic nerve degeneration.

13.5.2 Neuroprotective Role of Microglia in Glaucoma

As mentioned above, the suppression of reactive microglia seems to protect RGC

from glaucomatous damage. However, reactive microglia are required for cleaning

cellular and axonal debris, which inhibits regenerative processes [56]. This suggests

that microglia mediate not only degenerative processes but also protective

processes.

Microglial phagocytosis is regulated by signals received from their environment.

It is reported that the complement components C1q and C3 are involved in the

elimination of inappropriate synapses [88]. Knockout of C1q or the downstream

complement C3 showed defects in synapse elimination, and lateral geniculate

nucleus (LGN) neurons remained multiply innervated. Microglia express the com-

plement C3 receptor (Mac-1) and initiate a phagocytic response when the comple-

ment binds to this receptor. Thus, microglia eliminate excess synapses tagged by

the complement. A similar mechanism is observed in the glaucoma model [88]. It

has been demonstrated that the expression of C1q is increased in the retina at early

and moderate glaucoma in this animal model. C1q was expressed at disease onset

and marked the synapses, axons, and cell bodies before significant synapse loss and

RGC death occurred. These findings suggest that neurons and synapses, which are

supposed to be removed by microglial phagocytosis, are initially marked by

complement in glaucoma. Thus, clearance mechanisms via classical complement

signaling, which are involved in removing CNS synapses during development,

became reactivated in the adult retina during the neurodegenerative phase of

glaucoma.

Furthermore, various neuroprotective molecules generated by reactive microglia

contribute to the beneficial effect. It has been shown that microglia express insulin-

like growth factor 1 (IGF-1) and ciliary neurotrophic factor (CNTF) [89–91]. More-

over, microglia were required for the neuroprotective effect of IGF-1 in the

dystrophic retina of the rd10 mouse model. The depletion of microglia with

clodronate liposomes reduced the neuroprotective effect of IGF-1 in photoreceptor

cells [89]. Intravitreal injection of CNTF recruited macrophages into the eye, and

these cells contributed to CNTF-induced RGC survival and axonal regeneration

after optic nerve injury [90]. These results suggest that the growth factors derived

from microglia protect RGC from neurodegenerative damage. Reactive microglia
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are also required to promote the Müller cell-derived production of growth factors

such as glial cell-line-derived neurotrophic factor (GDNF) and leukemia inhibitory

factor (LIF) [92]. Thus, reactive microglia can also attenuate glaucomatous dam-

ages through phagocytosis and the production of neuroprotective factors.

13.6 Conclusions

Microglia have dual functions in neurodegeneration such as glaucoma. The balance

between beneficial and deleterious roles of microglia may be critical for the

treatment of neurodegenerative diseases. The development of drugs that can shift

the immune response towards neuroprotection would be an effective therapeutic

approach for glaucoma.
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Chapter 14

Neuroprotection for Photoreceptors

Toshiaki Abe and Nobuhiro Nagai

Abstract Progressive dysfunction and death of photoreceptors is the major cause

of loss of vision in most retinal diseases. Many studies investigating photoreceptor

protection have used animal models, and some of the results have been

implemented clinically. These include responsible gene applications, applying

neurotrophic factors or antioxidants and blocking or preventing specific death

signal transduction. Retinal prosthesis or appropriate cell transplantations have

also been reported at the end stage of photoreceptor death. Conventional strategies

for neuroprotection using neurotrophic factors or antioxidants have attempted to

strengthen the cellular metabolism against variable stresses. However, not every

application is well tolerated, although some clinical applications are ongoing.

Recent understanding of photoreceptor cell death has led to targeting cell death

initiation or blocking its execution. These include correcting the amount of intra-

cellular cGMP, modification of epigenetic processes, and prevention of some

proteolytic enzyme activity, such as calpains. Further, another approach from the

aspect of the drug delivery system has also been developed. An improved design of

photoreceptor protection will require a better understanding of the photoreceptor

neurodegenerative mechanisms.
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14.1 Introduction

Retinal disease is the main cause for blindness. Retinal disease includes age-related

macular degeneration (AMD), diabetic retinopathy, and retinitis pigmentosa (RP).

In these diseases, photoreceptor degeneration is a hallmark of severity. Photore-

ceptor cell death has been studied extensively in retinal detachment [1] and

inherited retinal disease by using suitable animal models. Retinitis pigmentosa

(RP) is the leading cause of incurable inherited blindness and is caused by muta-

tions in many different genes that cause the death of rod photoreceptors. More than

60 causative genes have been identified (http://www.sph.uth.tmc.edu/retnet/sum-

dis.htm). During the course of rod photoreceptor cell death, a marked increase of

reactive oxygen species (ROS) due to reduced oxygen utilization [2] or a decrease

of neurotrophic factors from the rods [3] was reported to be the main cause of

gradual cone cell death. In the retinal detachment animal model, photoreceptor cell

death was reported to start at approximately 12 h after detachment, and this may

cause a loss and/or delay in the recovery of visual acuity if the detachment covered

the area of cone-rich macular region [4]. Because clinically significant vision loss is

associated with this deterioration of cone function, the prevention of cone loss

during retinal degeneration is one of the targets for retinal degeneration therapy [5].

14.2 Structure of Photoreceptors

Human photoreceptors include rods and cones. Rods comprise 95 % of the photo-

receptors in the humans and play role in scotopic vision, while cones are respon-

sible for photopic vision and increase in cell density towards the center of the

macula [6]. The photoreceptors have unique shapes, consisting of an outer segment

(OS), an inner segment (IS), a cell body, and a synaptic terminal where neurotrans-

mission occurs. Visual pigments called opsins are involved in the OS and partici-

pate as the trigger of phototransduction, namely conversion of light into

electrochemical messages. Disorganization of this signal transduction results in a

major impact on quality of life, and the prevention of this cell death has important

implications. Recent advances in diagnostic methods, such as optical coherence

tomography (OCT), improve the evaluation of these structures (Fig. 14.1). OCT has

become the gold standard for assessing anatomical abnormalities in retinal diseases.

In particular, a recent advanced model of adaptive optics-OCT images the cell

density of the macula. RP patients, even with good visual acuity, may show a

disrupted arrangement of cones when using this advanced method, while conven-

tional OCT cannot distinguish the difference in macular structure [7]. Advances in

clinical equipment may provide new insights into photoreceptor death.
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14.3 Mechanism of Photoreceptor Cell Death

In the course of cell death in higher organisms, including humans, a variety of

morphologies have been identified so far. In 1960, Lockshin and Williams [8]

reported a series of cell death and proposed the term programmed cell death.

From the difference in cell morphology at the time of cell death, this programmed

cell death is classified as type 1 (apoptosis), type 2 (cell death with autophagy), or

type 3 (necrosis).

14.3.1 Apoptosis, Autophagy, and Necrosis

Kerr and coworkers reported a specific form of cell death as apoptosis [9]. The cell

death was controlled genetically, and proteins of the B-cell lymphoma 2 (BCL2)

families are well-described key regulators involved in this mechanism. The caspase

Fig. 14.1 Optical coherence tomography (OCT) has become the gold standard for assessing

anatomical abnormalities in retinal diseases, especially for the macular area. RP patients with

good visual acuity (18-year-old woman in the right column) show a relatively reserved macular

structure, although the outer segment (OS)/inner segment (IS) line was disrupted and was not

observed outside of the macula
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family of cysteine protease is regulated by these proteins [10], and they are divided

into proapoptotic and antiapoptotic proteins, which, together, make the “life-or-

death decision” for the cell [11]. However, recent studies showed that caspase

activity is not the sole mediator of photoreceptor cell death, although it may be

activated during photoreceptor degeneration [1].

Cell death with autophagy is Type 2 programmed cell death. Cells, when

exposed to stress such as amino acid starvation or the accumulation of abnormal

protein, show phospholipid gathered along with the abnormal protein and

autophagy begins. The intracellular lysosomes and autophagosomes cause mem-

brane fusion, followed by breakdown of the abnormal proteins. Thus, the autophagy

phenomenon is believed to allow the temporary avoidance of cell damage against

some stresses, such as starvation. However, the avoidance of cell damage by

autophagy cannot be maintained during longer periods of starvation. Punzo and

coworkers reported results of starvation experiments and showed that the

nonautonomous cone death in retinitis pigmentosa may be a result of the starvation

of cones [12]. Apoptotic and autophagic pathways have been reported to share

common pathways [13] and may coexist in cells [14].

Traditionally, necrosis has been considered an uncontrolled process of cell

death. However, this status has regulated components in certain circumstances.

Recent studies revealed that death receptor-induced necrosis is mediated by the

activation of receptor-interacting protein 1 (RIP1) [15], which is regulated by RIP3-

dependent phosphorylation of RIP kinase [16]. In photoreceptor necrosis, tumor

necrosis factor (TNF)-induced cellular necrosis was reported in interphotoreceptor

retinoid-binding protein (IRBP) (�/�) mice [17]. The study also showed that, in

addition to apoptosis, RIP kinase-mediated necrosis contributes strongly to cone

and rod degeneration in Irbp�/�retina. Nakazawa and coworkers also reported that

TNF-α plays a critical role in RD-induced photoreceptor degeneration [18].

14.3.2 Detection of Cell Death

These death features were reported originally from morphological analysis, and

transmission electron microscopy (TEM) was best for the morphological detection

of the cell death [19]. Biochemical analyses to detect cell death have also been

developed [20]. However, each cell death type, either apoptosis, autophagy, or

necrosis, has common and/or similar features, and some biological reactions show

redundancy during the photoreceptor death process. Therefore, many authors have

used these methods in combination and examined the results carefully.

194 T. Abe and N. Nagai



14.4 Strategy for Photoreceptor Protection

There are several reasons for delay in the development of the photoreceptor cell

death prevention. These are in part due to an incomplete understanding of the

regulation of photoreceptor cell death as described above. Cell death is not only

apoptosis, but necrosis and autophagy have been reported to be important factors,

and these events may occur together. Another major reason for the delay in

treatment options is the structure of the retina and its related tissues, including the

blood-retinal barrier (BRB) (Fig. 14.2). The development of novel therapeutic

strategies to overcome these challenges will require the use of suitable animal

models [21].

Fig. 14.2 Retina is protected by many tissue barriers (a), which is why development of retinal

therapy has been difficult. Recently, we reported a novel trans-scleral drug delivery device placed

on the sclera that consisted of a drug-releasing semipermeable membrane and impermeable

membranes acting as the drug reservoir (b). The device facilitates a sustained one-way and

multiple drug release (c)
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14.4.1 Gene Therapy

Many methods have been reported to rescue photoreceptor cells from death, such as

neurotrophic factor application, cell transplantation, and genetic replacement

[22]. Since mutation in many different genes can generate inherited retinal degen-

eration and almost all patients lose rods, genetic replacement has been discussed as

an option to only some patients [22]. Gene replacement therapy for Leber congen-

ital amaurosis type 2 (LCA2) has been applied in five patients with LCA2 using

adeno-associated virus type 2 (AAV2). Three-year follow-up results were reported

recently, and the data showed a statistically significant improvement of best-

corrected visual acuity between baseline and 3 years (maximum visual acuity was

achieved around 6 months and persisted) [23]. Although the natural history of the

disease may not be altered by the therapy [24], some gene applications may show

promising results. Recently, an interesting application has reported by converting

adult rods into cones via knockdown of the rod photoreceptor determinant Nrl

[25]. The lineage made the cells resistant to the mutations in rod-specific genes and

prevented photoreceptor loss in mice. New methods associated with genetic appli-

cation may provide breakthroughs to the difficulties identified so far.

14.4.2 Neuroprotection by Neurotrophic Factors

Neuroprotection is a mutation-independent approach to protect photoreceptor cells.

Neurotrophic factors have been used to enhance cell survival in retinas undergoing

cell death from a wide variety of insults. Neurotrophic factors that promote cell

growth, differentiation, survival, and function of specific nerve cell populations

were identified during neuroscience investigations. The discovery of nerve growth

factor (NGF) by Rita Levi-Montalcini in the 1950s was an important event in

modern neuronal cell biology [26]. Neurotrophic factors are families of proteins

that promote neuron survival, growth, and development. These neurotrophic factors

include neurotrophins (NGF, brain-derived neurotrophic factor (BDNF), NT-3,

NT-4/5), the serine protease inhibitor (srpin) family (pigment epithelium-derived

factor (PEDF)), and neuropoietic cytokines (ciliary neurotrophic factor (CNTF))

[27]. Continuous BDNF expression in double transgenic mice showed significant

photoreceptor protection [28]. CNTF caused a delay of retinal degeneration in

several retinal degeneration animal models [29]. Further, amyotrophic lateral

sclerosis (ALS) trials using subcutaneous CNTF injection that showed no differ-

ences between the placebo and treatment groups and the delivery methods of CNTF

were reconsidered and applied for patients with RP using CNTF-expressing intra-

ocular implants for cone protection [30]. Although a phase III clinical trial has been

reported for RP patients using this intraocular implant, evaluation of the clinical

results has not been completed [31]. Both BDNF and CNTF execute its photore-

ceptor trophic effects via Müller glial cells, suggesting the presence of secondary
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effects from the glial cells [32]. Glial cell line-derived neurotrophic factor (GDNF)

[3] was also considered and examined as a candidate for photoreceptor

neuroprotection.

14.4.3 Neuroprotection by Antioxidants

The retina has the highest metabolic rate by weight in the body [33], and it is always

exposed to ROS. Thus, the redox-regulating system is important for retinal survival

[34]. Antioxidants have been used to increase the resistance of neurons to oxidative

stress, and they are considered as another avenue for neuroprotection in animal

models [35]. Increased stress is found not only in photoreceptor cell death but also

in other diseases, such as glaucoma [36]. Animal experiments and clinical trials

have been reported. These included vitamin A alone or in combination with

vitamin E, docosahexaenoic acid (DHA), or lutein and were shown to be partially

effective [37]. Berson and coworkers reported a slower decline of visual acuities in

patients with RP who were taking vitamin A and consumed a diet rich in omega-3

fatty acids [38]. Nonetheless, only minor and highly variable protective effects have

been observed in these patients [39]. This phenomenon may be due to the diversity

of experimental designs in regard to treatment time, dosage, and the variable

background of the patients. Recently, very interesting results was published by

Jin and coworkers [40]. They constructed patient-specific rod photoreceptor cells

using induced pluripotent stem (iPS) cells derived from each patient’s fibroblasts.

Cells with specific mutations exhibited different responses to vitamin E. Their study

may clarify the pathogenic mechanism induced by different gene mutations and

suggest strategies of future treatment for patients with different genetic

backgrounds.

14.4.4 Blocking Cell Death by the Regulation of cGMP

Conventional strategies for neuroprotection using neurotrophic factors or antioxi-

dants have sought to strengthen the cellular metabolism against variable stresses as

determined by analysis of cell survival. However, neuroprotection using

neurotrophic factors or antioxidants as described above is not sufficient to prevent

photoreceptor cell death [41]. Therefore, recent approaches have attempted to

prevent cell death by targeting the initiation of cell death or blocking its execution.

These have been considered differentially from the stages of photoreceptor cell

death: early stage for the accumulation of cGMP, intermediate stage for epigenetic

processes, and end stage for excessive activation of proteolytic enzymes such as

calpains [39].

cGMP, which is produced by retinal guanylate cyclase and hydrolyzed by

phosphodiesterase-6 (PDE6), plays an important role in signal phototransduction

[42]. High cGMP levels have been reported in a murine animal model of rd1, which
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showed an abnormal activity of phosphodiesterase (PDE) due to gene mutation.

Evidence suggests that cGMP accumulation is not specific to rd1 and is observed in
many other inherited retinal degeneration animal models during the course of

retinal degeneration [43]. The correlation between very low levels of cGMP and

chick photoreceptor cell death suggests that an inadequate level of cGMP may

cause photoreceptor degeneration [44]. cGMP targets cyclic nucleotide-gated

(CNG) ion channels, which mediate the influx of Ca++, and cGMP-dependent

protein kinase (PKG). PKG activates the transcription factor cyclic AMP response

element-binding protein (CREB), which has antiapoptotic pathway activity

[45]. Targeting of these signals for photoreceptor protection may require more

extensive studies.

14.4.5 Blocking Cell Death by Epigenetic Modification

Epigenetic factors, such as methylation, acetylation, deacetylation, and poly-ADP-

ribosylation, influence histone modification and translation and have been recog-

nized as important events for cell death and survival [46]. Typical enzymes that

control these activities are DNA methyltransferases, histone acetyltransferases

(HATs), histone deacetylases (HDACs), and poly-ADP-ribose polymerase

(PARP). Inhibition of HDAC activity increases the cell survival rate and is

suspected to be an upstream molecule that reduces PARP activation [47]. Thus, a

PARP inhibitor also showed reduced photoreceptor cell death in some animal

model [48]. Interestingly, related studies also revealed epigenetic modification of

DNA repair, termed abortive mitosis [49]. The degenerating photoreceptors incor-

porate bromodeoxyuridine, which is usually observed in DNA replication. The

antioxidant molecules described above may reduce the DNA oxidation and show

reduced epigenetic effects.

14.4.6 Blocking Cell Death by Blocking Proteolytic Activity

At the end stage of photoreceptor cell death, proteolytic degradation of the cellular

components has been investigated. Well-established components of proteolytic

degradation are calpains and calpastains. Calpains are a family of Ca++-activated

cysteine proteases and execute their activity by dimers of an 80 kDa catalytic

subunit and a 30 kDa regulatory subunit. Elevated levels of cellular Ca++ activate

calpain activity and lead to cell death of not only photoreceptor cells [50] but also

ganglion cells [51]. Calpastain activity correlates with the reduced neuronal cell

death [52]. However, contradictory results have been reported [53], and the eluci-

dation of the precise mechanism for cell survival and cell death related with these

molecules is required for clinical application.
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Increased of calcium ion concentrations inside neural cells results in the activa-

tion of Ca++-dependent proteolysis, hydrolysis, lipid peroxidation, and ROS pro-

duction [54]. These results lead to the neuronal cell death and prevention of these

events has been considered. The activation of K+ channels in nerve cells effectively

regulates cell membrane potentials. Large-conductance voltage- and Ca++-depen-

dent K+ (max-K or BK) channels react to increased intracellular Ca++ and mem-

brane depolarization and show rapid hyperpolarization of the membrane and reduce

voltage-dependent Ca++ influx [55]. Activation of this channel has been reported to

rescue many neuronal cells [56, 57]. Isopropyl unoprostone, a prostaglandin metab-

olite analog that has been used clinically as an anti-glaucomatous agent, has been

shown to protect photoreceptors against oxidative stress- and light-induced retinal

damage in rats [58] through BK channel regulation [59]. A pilot study using topical

unoprostone twice a day in patients with retinitis pigmentosa demonstrated signif-

icant improvement in central 2� retinal sensitivity [60].

14.4.7 Advanced Stages of Retinal Prosthesis and Cell
Transplantations

Retinal prosthesis and cell transplantations may be an option for the restoration of

vision, because once photoreceptor cell loss occurs, there are no effective treat-

ments to restore sight. However, electronic devices have been used for the replace-

ment of dead photoreceptor cells. The devices were placed in the cortex,

suprachoroidal space, and epiretinal and subretinal spaces. These devices convert

images into electric signals using the remaining neuronal cells [61–63].

Cell transplantation offers a promising approach for treatment at the end stages

of retinal degenerative diseases. The techniques of transplanting different types of

cells have advanced rapidly in the past 30 years, and the results have suggested that

transplantation may be a useful approach to treat some retinal diseases. Some of the

transplanted cells produce neurotrophic factors to support photoreceptor cells

[64]. Photoreceptor cell generation and transplantation from both mouse and

human embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs)

have been reported. Thus, cell transplantation provides another promising strategy

for photoreceptor functional rescue [65, 66].

14.5 Development of Delivery Tools

Recent progress in the treatment for some retinal diseases, such as AMD, allows

administration of some drugs by intravitreal injection [67]. Intravitreal injections of

neurotrophic factors have also been shown to rescue degenerating photoreceptor

cells in animals [68]. However, several problems limit their clinical usefulness,
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such as delivering the neurotrophic factor to the appropriate site and the short half-

life of the neurotrophic factors. Intravitreal sustained delivery of some neurotrophic

factors has been shown to rescue retinal cells [27]. Although the surgical procedure

was reported to be tolerable, the implants were set in the vitreous. Treatments inside

the eyeball may induce adverse side effects, such as retinal detachment and

infection [69]. In contrast, we reported our novel trans-scleral drug delivery device

placed on the sclera that consisted of a drug-releasing semipermeable membrane

and impermeable membranes acting as the drug reservoir. Because of the nonbiode-

gradable and one-way release nature of the device, we were able to achieve

sustained release of the drug to the retina. This type of drug delivery system can

also be designed to release multiple drugs [70] (Fig. 14.2).

14.6 Conclusion

Photoreceptor cell death is the major cause of loss of vision in most retinal diseases.

So far, many studies have attempted to achieve photoreceptor cell protection by

various molecules. However, not every application was well tolerated, although

some types of applications (phase 2 or 3) are ongoing. Improved photoreceptor

protective treatments require a better understanding of photoreceptor neurodegen-

erative mechanisms. In addition, improvement of molecule delivery systems (not

only drugs, but also genes) may allow new insights into strategies for photoreceptor

protection.
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Chapter 15

Retinal Photooxidative Stress
and Its Modifiers

Masaki Tanito

Abstract Retinal damage is classified into three types based on the mechanisms of

the damage, i.e., photothermal, photomechanical, and photochemical, with the last

likely the most common form of light-induced damage, since the natural range of

light energy sufficient causative. Photochemical damage is caused by reactive

oxygen species and free radicals generated by light exposure, also called photoox-

idative stress. Although different types of photooxidative stress have been pro-

posed, they sometimes cannot be differentiated clearly in various experimental

settings. Epidemiologic studies have suggested a correlation between environmen-

tal light exposure and development/progression of human retinal degeneration such

as age-related macular degeneration and retinitis pigmentosa. The double bonds in

long-chain polyunsaturated fatty acids (PUFAs), which are highly enriched in the

retinal membranes, could be target substrates to propagate photooxidative stress in

the photoreceptors. Posttranslational modification of retinal proteins by PUFA-

degraded molecules, such as 4-hydroxynonenal and 4-hydroxyhexenal, causes

retinal degeneration and neuroprotection depending on the timing and level of

formation.
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M. Tanito (*)

Division of Ophthalmology, Matsue Red Cross Hospital, 200 Horomachi,

Matsue, Shimane 690-8506, Japan

e-mail: tanito-oph@umin.ac.jp

T. Nakazawa et al. (eds.), Neuroprotection and Neuroregeneration for Retinal
Diseases, DOI 10.1007/978-4-431-54965-9_15, © Springer Japan 2014

205

mailto:tanito-oph@umin.ac.jp


15.1 Types of Light-Induced Retinal Damage

Retinal damage is classified into three types based on the mechanisms

[1]. Photothermal damage is induced by at least a 10 �C increase in ambient

temperature in the retinal tissue originating from transfer of radiant energy from

photons to the tissue during an exposure duration between 0.1 and 1.0 s [2–4].

Thermal damage results from a tissue temperature of 55–58 �C that causes cellular

apoptosis, temperature of 60–68 �C that causes apoptosis and necrosis, and tem-

peratures of 72 �C or higher that cause immediate cell death [1]. Laser photocoag-

ulation, transpupillary thermotherapy, and micropulse diode laser are clinical

applications that cause thermal damage. Photomechanical damage, as that caused

by Nd:YAG laser, is induced by rapid introduction of compressive or tensile forces

on retinal tissues by exposure to light with high irradiances (typically mega- or tera-

watts/cm2) during a very short time (typically between nano- and picoseconds)

[5, 6]. Photochemical damage is independent of either photothermal or photome-

chanical damage and is thought to be the most common mechanism of light-

induced retinal damage, since the natural range of light causes this type of damage

[7]. Theoretically, photochemical damage, as that caused by photodynamic therapy,

is caused by reactive oxygen species and free radicals generated by light exposure;

thus, this is also referred to as photooxidative stress.

15.2 Action Spectrum of Retinal Damage Induced
by Photooxidative Stress

15.2.1 Light Properties

Among the electromagnetic waves, the wavelengths between 400 (380 nm) and

800 nm (760 nm) are called visible light because they reach the retina and are the

source of visual information. Ultraviolet (UV) light is that with wavelengths shorter

than visible light. Among the UV wavelengths, UVB (wavelengths between

290 and 320 nm) and UVA (wavelengths between 320 and 400 nm) are absorbed

by the cornea and crystalline lens, respectively, do not reach the retina, and are not

used for visual sensing in humans. Infrared light with a wavelength longer than

visible light also is absorbed by the crystalline lens. In phakic human eyes,

photooxidative stress is thought to result mainly from visible light wavelengths

(Fig 15.1).
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15.2.2 Types of Photooxidative Stress

Previous studies have suggested two possible mechanisms of retinal photooxidative

stress [8, 9]. Noell et al. first reported retinal damage induced by constant green

light (wavelengths, 490–580 nm) at relatively low retinal irradiance (<1 mW/cm2)

during a long exposure time (at least 1.5 h, typically >8 h) in rats [7]. The action

spectrum of this damage is similar to the absorption spectrum of rhodopsin. This

type of photooxidative stress is referred to as Noell’s damage or class I damage.

Noell’s spectrum of retinal damage has been reported subsequently in mice [10],

macaque monkeys [11], fish [12], and chickens [13]. Ham et al. first reported retinal

damage induced by visible light [14] and later by UV radiation [14] at higher retinal

irradiance and shorter (<5 h) exposure times than Noell’s damage in monkeys. In

Ham’s experiments, the susceptibility of retinal damage decreased monotonically

from short to long wavelengths (Fig 15.2). This type of photooxidative stress is

referred to as Ham’s damage, class II damage, or blue-light hazard. Ham et al. later

reported the spectrum of retinal damage in rabbits [15], rats [16, 17], and squirrels

[18]. Currently, Ham’s action spectrum serves as the basis for international stan-

dards or guidelines for protection against retinal damage by lasers and other light

sources [19, 20] (Fig 15.3); the spectrum of Noell et al. is not included because it is

considered to be exclusive to rodents [8]. These guidelines are used mainly to

protect eyes from acute light damage such as that induced by sunlight [21] or to

determine the upper limits of light exposure in a work environment. Thus, no

reliable standards yet have been established to protect eyes from chronic light

exposure.

          

 
 

 

Cornea Lens Retina 

 

UVB(290-320nm)
UVA(320-400nm)

Visible light(400-800nm)

Infrared light(800nm-)

Fig. 15.1 Transmission of light through the cornea and crystalline lens. Light wavelengths that

are shorter (ultraviolet) or longer (infrared) than visible light are absorbed by the cornea or lens and

do not reach the retina
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Fig. 15.2 Wavelength dependence of retinal light damage. Albino mice are exposed to light with

a narrow bandwidth. The eyes are nucleated 1 week after light exposure. (a) A retinal section from

a mouse exposed to 420-nm wavelength light at 500 J/cm2. Most of the ONL has disappeared,

suggesting severe retinal damage resulting from light exposure. (b) A retinal section from a mouse

exposed to 500-nm wavelength light at 500 J/cm2. Most of the ONL is preserved, suggesting mild

retinal damage from light exposure. INL inner nuclear layer. Scale bar¼ 50 μm
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Fig. 15.3 Aphakic hazard function, blue-light hazard function, and solar spectral irradiance. The

aphakic hazard function (solid line) and the blue-light function (dashed line) show the effective-

ness of optical radiation in producing photochemical retinal damage as a function of wavelength

(left axis). The solar spectral irradiance shows the distribution of the radiant power of sunlight over
a 37� tilted hemispheric surface with an air mass coefficient of 1.5 (right axis). This figure was

generated from the data reported in References 19, 20, and 21
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15.2.3 Target of Photooxidative Stress

Across species, photoreceptors are the primary target of retinal damage caused by

UV light and the shortest visible violet light (Fig 15.4). With Noell’s spectrum of

damage, damage is observed in the photoreceptor cells with exposure to light for

1.5–48 h and in both photoreceptors and retinal pigment epithelium (RPE) cells

with longer (8–50 days) durations [22], indicating that sustained visual cycle

turnover and accumulation of rhodopsin-related molecules including retinoids and

intermediate products of the visual cycle are the primary suspects in the initiation of

damage [23]. With Ham’s spectrum of damage by visible light, the rod and cone

photoreceptors are not expected to be primary targets of damage since rhodopsin

and cone opsin are breached during a relatively short exposure time. The damage

occurs predominantly in the RPE [24], indicating that changes in molecules in the

RPE, including lipofuscin, melanin, and intermediate products of the visual cycle,

are primary suspects for damage initiation [9]. Photooxidation of visual cycle-

related molecules (Fig 15.5), such as all-trans-retinal [25], all-trans-retinol [26],
and all-trans-retinyl ester [27], are thought to be sensitizers of retinal damage.

Accumulation of all-trans-retinal leads to light-induced retinal damage [28], which

can be decreased by various types of antioxidants such as ascorbate [29],

Photoreceptor cells
• high metabolic activity
~high oxygen consumption

• highly fluidic cellular membranes
~high PUFA composition

• rhodopsin and retinoid cycle
~photosensitizer

RPE

Choroid • High oxygen concentration

~large tissue blood flow

• Phagocytosis of ROSs 

~various oxidases

• Accumulation of drusen 

~photosensitizer

Fig. 15.4 Conditions around the outer retina. Various conditions around the outer retina are

suitable for this location to be susceptible to photooxidation damage. PUFA polyunsaturated fatty

acids
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dimethylthiourea [30], thioredoxin [31, 32], 4-hydroxy-2,2,6,6-tetramethylpi-

peridine-N-oxyl (TEMPOL) derivatives [33, 34], and phenyl-N-tert-butylnitrone
(PBN) [35, 36] (Fig 15.6). Inhibitors or modulators of the visual cycle prevent

retinal light damage [37] and may be therapies for dry age-related macular degen-

eration (AMD) in humans [38].

15.2.4 Fate of Photoreceptor/RPE Cells
in Photooxidative Stress

Although two different types of photooxidative mechanisms have been proposed,

dataset analyses in previous studies have not clearly distinguished both types of

mechanisms in various experimental settings [8]. In either pathway, the apoptosis is

the main pathway of light-induced cell death [39] (Fig 15.7). Apoptosis of the

photoreceptors also is thought to occur in retinitis pigmentosa (RP) and AMD. The

susceptibility to retinal damage differs greatly among animal species. Generally,

albino animals sustain light damage more easily than pigmented animals, and

albino rats are more susceptible to retinal light damage than albino mice. Exposure

to white fluorescent light at 2,700 lx for 6 h causes devastating apoptotic

Figure  

ROSs 

RPE cells 

11-cis-retinal all trans-retinal 

all trans-retinol 

RDH 

all trans-retinyl ester 

11-cis RDH 

RPE65 

11-cis-retinol 

LRAT 

Rhodopsin 

light 

+phosphatidylethanolamine 

A2PE, A2E 

Fig. 15.5 Visual cycle. RDH all-trans-retinol dehydrogenase, LRAT lecithin retinol

acyltransferase, RPE65 retinal pigment epithelium-specific 65 kDa protein, 11-cis RDH 11-cis
retinol dehydrogenase, A2PE phosphatidyl-pyridinium bisretinoid, A2E pyridinium bisretinoid
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Light exposure (-)

Light exposure (+)

Fig. 15.7 Detection of apoptotic photoreceptor cells after light exposure by terminal

deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining. (a) A retinal section

from an albino rat not exposed to light. (b) A retinal section from a rat exposed to 5 k lx white

fluorescent light for 3 h. The eye was enucleated 24 h after light exposure. TUNEL-positive

photoreceptor cells are observed in the ONL (arrows)

Light exposure (+)

ONL 

INL 

RPE RPE 
ONL 
INL 

INL 

ONL 

RPE    

Light exposure (-) Light exposure (+)
PBN injection(+) 

a b c

Fig. 15.6 Inhibition of retinal light damage by a free radical scavenger. (a) A retinal section from

an albino rat not exposed to light. (b) A retinal section from a rat exposed to 5 k lx white

fluorescent light for 6 h. The eye was enucleated 7 days after light exposure. (c) A retinal section

from rat preinjected with PBN intraperitoneally 30 min before and then exposed to 5 k lx white

fluorescent light for 6 h. The eye was enucleated 7 days after light exposure. INL inner

nuclear layer
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photoreceptor cell loss in albino rats raised in a dim cyclic light environment [34],

whereas exposure to white fluorescent light at 8,000 lx for 2 h only promotes

oxidative stress in pigmented mice [40].

15.3 Role of Membrane Fatty Acids
and Photooxidative Stress

15.3.1 Fatty Acids in the Retina

N-3 and n-6 polyunsaturated fatty acids (PUFAs), which contain two or more

methylene interrupted cis double bonds, are major families of fatty acids in

mammalian cells. Through a series of oxidation (desaturation) and chain elongation

reactions, n-3 and n-6 fatty acids are synthesized from essential fatty acids 18:3n-3
and 18:2, respectively. Phosphatidylcholine, phosphatidylethanolamine, phosphati-

dylserine, and phosphatidylinositol comprise, respectively, 40–50 %, 30–35 %,

5–15 %, and 3–6 % of the PUFAs in the retinal photoreceptor phospholipids

[41]. Thus, the highest levels of PUFAs in any tissues are in the phospholipids in

the retinal membranes. The most abundant retinal fatty acid is docosahexaenoic

acid (DHA, 22:6n-3); its levels in the rod outer segment (ROS) membrane phos-

pholipids are 40–50 % of the total fatty acids [41]. n-3 PUFA deprivation resulting

from n-3-deficient diets resulted in only modest changes in retinal DHA levels;

thus, the retina retains DHA and other n-3 PUFAs [42]. More substantial changes

were seen during the last trimester of pregnancy and throughout the nursing period

when an n-3-deficient diet was fed to pregnant rats and when the same diet was

given to weaning rats for 10–12 weeks [43]. Under these conditions, the DHA

levels in the ROS decreased by 50 % and were replaced by nearly equal amounts of

22:5n-6. The electroretinography responses decreased in animals that were DHA

deficient, especially the a-wave amplitudes in rats [44], guinea pigs [45], and

monkeys [46]. n-3 deficiency reduces the activation of rhodopsin, reduces and

delays rhodopsin-transducin coupling, and decreases cGMP-phosphodiesterase

activity in biochemical assays [47].

15.3.2 Fatty Acids: A Molecular Target
of Photooxidative Stress

With exposure to damaging light, mice with lower n6/n3 ratios and higher DHA

levels in ROS had greater retinal damage [48], which suggested a positive correla-

tion between the DHA level and retinal vulnerability to photooxidative stress

(Fig 15.8). As already mentioned, both types of photooxidative stress are initiated

by light absorption by the target molecules. Such chromophores, called

212 M. Tanito



photosensitizers, are photoexcited by light, undergo intersystem crossing, and

produce free radicals. The free radicals then can directly attack the PUFAs and

initiate free radical chain reactions that cause lipid peroxidation in cellular mem-

branes and generation of lipid radical species that cause PUFA degradation into

oxidized products, including aldehydes. Thus, PUFAs in ROS are target substrates

to propagate oxidative stress. Some extremely reactive aldehydes potentially can

damage intracellular and extracellular molecules that are a distance from the initial

site of free radical attack; this occurs because aldehydes are relatively longer lived

than free radicals [49, 50]. Damaging aldehydes include 4-hydroxyalkenals, i.e.,

4-hydroxynonenal (4-HNE) and 4-hydroxyhexenal (4-HHE), α, β-unsaturated alde-
hydes that are end products of lipid peroxidation of PUFAs. 4-HNE forms from n-6
PUFAs, such as linoleic acid and AA [51], and 4-HHE forms from n-3 PUFAs such
as DHA, eicosapentaenoic acid, and linolenic acid [52] via several nonenzymatic

steps. These highly reactive aldehydes can react readily with histidine, cysteine, or

lysine residues of proteins to form stable Michael adducts with a hemiacetal

structure [53]. They exhibit cytopathologic effects, e.g., inhibition of enzyme

activity and protein, RNA, and DNA synthesis; cell-cycle arrest; and apoptosis

[49]. The aldehyde-modified proteins accumulate in the photoreceptor cells by 3 h

after light exposure (Fig. 15.9). The retinal location of these proteins corresponds

Low DHA

a b c d

ONL

INL

RPE

INL

ONL

Low DHAhigh DHA high DHA

ONL

INL

RPE RPE

ONL

INL

RPE

Light exposure (-) Light exposure (+)

Fig. 15.8 Effect of retinal fatty acid composition on susceptibility to retinal light damage. Albino

mice with low (a, c; n-6/n-3 PUFA ratio in ROSs, 1.6) or normal DHA (b, d; n-6/n-3 PUFA ratio in

ROSs, 0.2) levels in the retina are exposed to white fluorescent light for 24 h. The eyes were

enucleated 7 days after light exposure. (a, b) With no light exposure, the difference in the retinal

DHA level does not result in marked morphologic changes. A retinal section from an albino rat not

exposed to light. (c, d) After light exposure, more severe loss of the ONL is seen in retinas from

mice with high DHA level than those with low DHA levels, suggesting that retinal DHA can be a

molecular target of photooxidation. INL inner nuclear layer
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well with the locations with increased terminal deoxynucleotidyl transferase dUTP

nick-end labeling (TUNEL) staining at 24 h and severely decreases the outer

nuclear layer (ONL) thickness 7 days after exposure. The posttranslational protein

modifications caused by these aldehydes occur early before apoptosis and subse-

quent photoreceptor cellular loss [54].

15.4 Role of Environmental Light
and Photooxidative Stress

15.4.1 Light-Adaptation Neuroprotective Phenomenon

Environmental light may regulate the cellular or tissue tolerance to photoreceptor

cell damage induced by more intense light exposure. Albino mice and rats raised in

bright (300–800 lx) cyclic light were resistant to light (1,700–3,000 lx for 24–72 h)-

induced photoreceptor cell apoptosis compared with animals raised in dim (5 lx)

cyclic light [55, 56] (Fig. 15.10). There is 6.5 times more DHA compared with

palmitic acid in the ROS of rats raised in dim (<10 lx) light and only 0.6 in bright

(400 lx) light. This is accompanied by shorter ROS, lower concentrations of

rhodopsin, and altered rates of rhodopsin regeneration [56]. Albino rats exhibit a

“photostasis phenomenon,” by which they adapt to environmental light to capture a

constant number of photons daily [57]. Therefore, retinal survival mechanisms

against harmful bright light may include control of photon capture and the efficacy

of visual transduction through control of the ROS DHA level [58].

ONL  

RPE  
a b

  
4-HNE 4-HHE 

Fig. 15.9 Initiation of reactive aldehyde-modified proteins by damaging light exposure in the

retina. The eyes are enucleated 3 h after the 5 k lx white fluorescent light exposure for 3 h. Positive

immunoreactivity against 4-HNE- and 4-HHE-modifided proteins is seen in the ONL (arrows) and
RPE (arrowheads) layers. 4-HNE, 4-hydroxynonenal; 4-HHE, 4-hydroxyhexenal
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15.4.2 Endogenous Defense Mechanisms Against
Photooxidative Stress

Rats raised in bright cyclic light had higher retinal levels of endogenous antioxidant

enzymes glutathione (GSH) peroxidase [59], GSH reductase [59], GSH

S-transferase [59], thioredoxin (Trx) [60], Trx reductase [60], and proteins modified

by 4-HNE compared with those raised in dim cyclic light [60]. Rats raised in bright

cyclic light also had more DNA binding of transcription factor nuclear-factor-E2-

related factor 2 (Nrf2) to the antioxidant-responsive element (ARE) [60]. A suble-

thal dose of 4-HNE in vitro upregulated the Trx system via the Nrf2-ARE pathway

and protected cells from H2O2-induced damage. Thus, in the early stages of cellular

stress, generation of 4-HNE at low concentrations plays an important role in cell

signal transduction and gene expression, and Nrf2-ARE-driven gene regulation is

involved in the molecular mechanism of the retinal neuroprotection phenomenon

[60]. Trx inducers, e.g., geranylgeranylacetone, an antigastric ulcer drug, or sulfo-

raphane, a component of broccoli sprout, effectively upregulate endogenous Trx in

retinal tissues [61, 62]. These compounds mimic an adaptive response mediated by

bright cyclic light. Accordingly, modulating the Trx system via activation of the

Nrf2/ARE pathway may be a molecular target to prevent photooxidative stress-

related retinal diseases such as AMD, RP, and photic maculopathy.

ONL
INL

a

INL

b

ONL
INL

c

ONL
INL

d

5-lux cyclic
light-raised 

400-lux cyclic
light-raised 

Damaging light exposure (-) Damaging light exposure (+) 

Fig. 15.10 Effect of environmental light on susceptibility to retinal light damage. Albino rats born

and raised for 4 weeks in dim (5 lx; a, b) or bright (400 lx; c, d) cyclic light are exposed to

damaging light (3,000 lx, 6 h; b, d). The eyes were enucleated 7 days after light exposure (b, d). (a,
c) Without damaging light exposure, mild loss of the ONL is observed in rats raised in bright light
(c) compared to rats raised in dim light (a). (b, d) After damaging light exposure, the ONL

thickness is markedly reduced in rats raised in dim light (b) compared to those raised in bright light
(d), indicating the presence of a light adaptation neuroprotective phenomenon. INL inner

nuclear layer
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15.5 Light Stress and Retinal Degeneration in Humans

Epidemiologic studies have suggested that excessive light enhances the progression

and severity of AMD and some forms of RP [63, 64]. Twelve of 14 publications in a

recent meta-analysis reported that light exposure, including longer/intense outdoor

activity and sunbathing, can be a risk factor for AMD; six of those articles reported

a significant association [65]. Hirakawa et al. measured the extent facial wrinkles,

which is associated with a history of sunlight exposure, in patients with age-related

maculopathy (ARM) [66] and found that the wrinkles were more severe in patients

with late ARM than in those with early ARM. This suggested that lifetime sunlight

exposure is an important factor in the progression of late ARM. Subretinal accu-

mulation of drusen is a major risk factor for development of AMD (Fig. 15.11).

Drusen, which contains esterified cholesterol-rich, apolipoprotein B-containing

lipoprotein particles, are constitutively produced by the RPE [67] and modified

bisretinoid (A2E), which forms because of a reaction between all-trans-retinal and
phosphatidylethanolamine [68]. Thus, drusen may be a waste product of RPE

Fig. 15.11 Accumulation of drusen in AMD. Fundus photograph (a), fundus autofluorescence
image (b), and optical coherence tomography (c) image of human macular degeneration show

intense subretinal accumulations of yellowish-white autofluorescent-positive drusen under the

RPE layer (c, arrows). The arrow in (a) indicates the scanning direction in (c)
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phagocytosis and retinoid cycle (Fig. 15.5). A proteomic approach to the study of

damaging light-exposed rat retinal specimens found that intense light exposure

increased 4-HNE-protein modifications in specific retinal proteins from several

functional categories including energy metabolism, glycolysis, chaperone,

phototransduction, and RNA processing [69]. Many of these proteins are common

components among the accumulated proteins in drusen from monkey [70]

(Fig. 15.12) and human [71] eyes. Accordingly, drusen form as a result of

subretinal/RPE accumulation of degenerated macromolecules such as proteins

and lipids, and photooxidation of fatty acids in photoreceptor cells triggers these

pathological steps (Fig. 15.13).

15.6 Filtering of Short-Wavelength Visible Light

15.6.1 Presence of Macular Pigment and Supplemental
Lutein/Zeaxanthin

The retinal defense mechanism against photooxidative stress includes superoxide

dismutase, catalase, glutathione peroxidase, and vitamins E and C. The pigment

concentrated in the macula lutea also is part of this defense system (Fig. 15.14). In

the 1980s, the carotenoids lutein ((3R30R,60R)-lutein), zeaxanthin ((3R,30R)-zea-
xanthin), and meso-zeaxanthin ((3R,30S;meso)-zeaxanthin) were identified as the

primary components in macular pigment [72, 73]. Meso-zeaxanthin, a stereoisomer

of zeaxanthin not in the natural diet, is synthesized enzymatically in the retina [74].

ONL

RPE

a b* *
RPE

ONL

4-HHE4-HNE

Fig. 15.12 Detection of reactive aldehyde-modified proteins in monkey drusen. Positive immu-

noreactivity against 4-HNE-modified (a) and 4-HHE-modified (b) proteins is seen in the RPE

(arrows) and drusen (asterisks)
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These three carotenoids absorb blue light and act as a filter that may attenuate

photochemical damage from short-wavelength visible light, since yellow filters

blue from white light (Fig. 15.15). These carotenoids also are antioxidants that

may protect against light-induced oxidative retinal damage by quenching oxygen

Light stress and AMD

DrusenPhotooxidation of photoreceptor
outer segments

Oxidative modifications in outer segments 
proteins↑

RPE phagocytosis↑
Malfunction of oxidized protein digestion in RPE

Proteasome overload
Endoplasmic reticulum stress

Accumulation of oxidized proteins
~ drusen accumulation

Light exposure (aging) Blue light

Photosensitization
Photoreceptor and RPE cell death
Bruch’s membrane injury
~choroidal neovascularization formation

•

•

•

•
•

•

•

Fig. 15.13 Possible mechanisms between chronic light exposure and AMD. Lifelong exposure to

environmental light causes malfunction of the RPE cell machinery of the photoreceptor outer

segment waste, resulting in drusen accumulation. Accumulated drusen can act as a photosensitizer

of blue light, which enhances photoreceptor and RPE cell damage via photooxidative stress

IPL 

OPL(Henle’s layer) 

OS 

Macular 
pigment 

light 

ONL 

RPE 

Fig. 15.14 Schematic distribution of macular pigments in a human macula. The highest concen-

tration of macular pigments (yellow oval) accumulates in the light path to the foveal photoreceptor

cells. IPL inner plexiform layer, OPL outer plexiform layer, OS outer segments
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radicals [75, 76]. A pathological study of autopsy eyes [77], measurements of

macular pigment optical density (MPOD) by resonance Raman spectroscopy [78,

79], and other methods [80] have shown that the concentration of macular pigment

in patients with AMD is significantly lower compared with normal, healthy eyes.

The MPOD levels decrease in light irises and in association with tobacco smoking,

low uptake of lutein and zeaxanthin, excessive light exposure [81–83], and aging

[78, 79, 84]. Growing evidence has suggested that intake of these carotenoids

protects against visual loss from AMD [85–88], although a large-scale randomized

control study failed to find a positive effect of adding lutein/zeaxanthin to a nutrient

formulation that included vitamins C and E, beta carotene, and zinc in reducing the

risk of progression to advanced AMD [89].

15.6.2 Yellowing of Crystalline Lens with Aging
and Implantation of Yellow-Tinted Intraocular
Lens During Cataract Surgery

The absorption properties of the cornea and crystalline lens help protect the retina

from light damage. Yellowing of the crystalline lens with aging causes a progres-

sive increase in absorbance of visible light in the blue range (Fig. 15.16); thus, the

aging human crystalline lens also blocks phototoxic blue light [90–92]. Removing

the crystalline lens during cataract surgery increases the amount of optical radiation

that reaches the retina, and implanting an intraocular lens (IOL) lowers the ocular

defenses against photic retinopathy [93]. IOLs with UVR-blocking dye bonded to

optic polymers were introduced in the early 1980s [93] and are commonly

implanted during cataract surgery. The transmission properties of the colorless

UVR-blocking IOLs may not be comparable to those of the aging crystalline lens

in absorbance of blue light, which causes Ham’s-type retinal phototoxicity

[14]. Epidemiologic studies have suggested that the odds ratios of AMD prevalence

are 1.7–3.8 in eyes after cataract surgery [94–96] (Fig. 15.17). In prospective

studies that spanned 5–10 years, the Beaver Dam Eye Study and Blue Mountains

Green Yellow 

Blue Magenta 

Cyan Red White 

Fig. 15.15 Color circle.

A pair of opposite ends of

each diameters of the circle

are complimentary colors.

Yellow specifically filters

blue from white light
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Fig. 15.16 Cataract and IOLs. (a) Yellowing of the crystalline lens with aging. (b) UVR-blocking
clear IOL. (c) UVR- and blue-light-blocking yellow-tinted IOL
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Fig. 15.17 Risk of cataract surgery in AMD prevalence and incidence. Each bar indicates the
95 % confidence interval of the odds ratio
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Eye Study reported a significant relation between cataract surgery and increased

risk of AMD [97–100]. However, the Age-Related Eye Disease Study did not find a

significant association between cataract surgery and development of the dry- or

wet-type of AMD [101] (Fig. 15.17). To compensate for reduced filtering of blue

light by the colorless UVR-blocking IOLs, blue-light and UVR-absorbing yellow-

tinted IOLs made of rigid polymethylmethacrylate were introduced in the 1990s

[102]; later these were made of foldable silicone or soft acrylic material

(Fig. 15.16). Yellow-tinted IOLs that were evaluated in experimental studies confer

a protective effect against retinal photooxidative stress in photosensitizing

A2E-laden RPE cells exposed to blue light [103] and artificial sunlight [104]

in vitro and in rats [105], mice [106], and rabbits [107] exposed to blue or white

light in vivo. Obana et al. reported higher levels of macular pigment in eyes

implanted with yellow-tinted IOL than in eyes implanted with clear IOLs 1 year

and longer after cataract surgery [108]. A large clinical trial should evaluate the

effects of blue-blocking filters on AMD development and progression and identify

the best balance of filtering spectra for visual function.

Disclosure Chapters 3, 4, and 5 include text extracts from Reference [109] that were used with

permission of Future Medicine Ltd.
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Chapter 16

Roles of the Retinal Pigment Epithelium
in Neuroprotection

Atsuhiro Kanda and Susumu Ishida

Abstract The retinal pigment epithelium (RPE), located between the

photoreceptors and Bruch’s membrane, is a vital tissue for the maintenance of

photoreceptor functions. Numerous proteins expressed in the RPE regulate the

transport of nutrients and waste products to and from the photoreceptors, which

contributes to phagocytosis of shed photoreceptor outer segments and protects from

the excessive light and oxygen reactive species to maintain retinal homeostasis.

During aging, the RPE is observed to undergo characteristic changes including cell

loss, loss of intact melanin granules, metabolic changes, and the intracellular

accumulation of lipofuscin. Those changes adversely affect the RPE functions

and associate with various diseases of the neural retina and the choroid. Given a

number of studies reporting the RPE functions which serve for the retina and the

choroid, it is essential to understand the physiological functions of the RPE in order

to decipher disease- and age-related changes in vision.

Keywords Neuroprotection • Retina • Retinal pigment epithelium

16.1 Introduction

The retinal pigment epithelium (RPE) consists of highly polarized and specialized

single-layered epithelial cells, sandwiched between the neural retina and the cho-

roid, and plays a key role in the maintenance and survival of photoreceptors. It is a

low cuboidal epithelium containing long thin and sheetlike microvilli on its apical

surface that faces the tips of the photoreceptor outer segments [1, 2]. The RPE
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supports the long-term preservation of retinal integrity and visual functions includ-

ing absorption of stray light, supply of nutrients, secretion of growth factors,

regeneration of visual pigment, and phagocytosis of the photoreceptor-shed outer

segments. In the human eye, there are approximately five million RPE cells, and the

cell density increases steadily in the macular area during development. One RPE

cell maintenances about 45 photoreceptors, which shed daily ~5 % of their outer

segment mass [1]. Several factors (e.g., aging, inflammation, oxidative stress, lipid

metabolism, and genetic susceptibility variants) affect fundamental functions of the

RPE and lead to the impairment of retinal cells. Those processes contribute to the

pathogenesis of retinal diseases such as retinitis pigmentosa, proliferative vitreore-

tinopathy, Stargardt’s disease, Leber’s congenital amaurosis, and age-related mac-

ular degeneration (AMD). In the following sections these functions will be

described in more detail.

16.2 Cellular Organization of the RPE

The RPE positions a functionally important site in the eye, located between the

light-sensitive outer segments of the photoreceptors and blood supply of the choroid

(Fig. 16.1a, b). It is a hexagonally packed monolayer sheet of cells containing

pigment granules. The interlocking hexagonal cells are bound together with tight

junctions, which block the free passage of water and ions [2]. This junction barrier

is the comparable of the blood-retinal barrier formed by the capillary endothelium

of the intrinsic retinal vasculature. The number of photoreceptors that overlie RPE

cells is about 30–50 photoreceptors per RPE cell, and each RPE cell is metaboli-

cally responsible for providing support and maintenance functions to the overlying

photoreceptors [1].

RPE cells have a characteristic organelle distribution and cellular appearance

(Fig. 16.1c, d). The RPE cell cytoplasm contains largely smooth and relatively little

rough endoplasmic reticulum, a characteristic of cells actively involved in lipid

metabolism. In RPE cells, the Golgi complex, with a function critical for the

maintenance of cell polarity, is small and difficult to distinguish from the other

tubules and vesicles of the endoplasmic reticulum. The majority of mitochondria

are located basally near the nucleus and close to the basal infoldings of the plasma

membrane (Fig. 16.1d). Catalase-containing microperoxisomes that function in the

conversion of hydrogen peroxide to water are abundant in RPE cells [3].

The RPE, which derives from the same neural anlage as the neural retina, is

developmentally the first pigmented tissue in the body, and melanogenesis con-

tinues throughout life [4]. However, many melanin granules during aging fre-

quently fuse with lysosomes and break down. As a result, the elderly fundus

typically appears less pigmented [5]. The pigment absorbs stray light and mini-

mizes scatter within the eye and protects the retinas from oxidative stress and

detoxification of peroxides. The RPE possesses two types of pigment, melanin

and lipofuscin. Melanin, an insoluble high-molecular-weight polymer derived from
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the enzymatic oxidation of tyrosine and dihydroxyphenylalanine, is linked to pro-

teins and contained in membrane-limited granules in the RPE melanosomes and

serves as a free radical stabilizer [6, 7]. It can also bind toxins and retinotoxic drugs

such as chloroquine and thioridazine, although it is unclear whether this effect is

beneficial or harmful. Another important function of melanin is the binding of zinc,

since melanin is the main source of zinc in the eye, and zinc plays an essential role

Fig. 16.1 Photomicrograph and electron micrograph of mouse retina. (a) Hematoxylin and eosin

staining of C57BL/6J mouse retina at 2 months. CH choroid, RPE retinal pigment epithelium, OS
outer segments, IS inner segments, ONL outer nuclear layer, INL inner nuclear layer, GCL
ganglion cell layer. Scale bar¼ 50 μm. (b) Transmission electron micrograph of RPE and

photoreceptor cells in the mouse eye at 2 months. BM Bruch’s membrane, N nucleus. Scale

bar¼ 5 μm. (c) Observation at higher magnification showed bounder of photoreceptor outer

segment and RPE (RPE apical surface). MV microvilli, PG pigment granules, POS photoreceptor

outer segments. Scale bar¼ 1 μm. (d) Observation at higher magnification showed bounder of

Bruch’s membrane and RPE (RPE basal surface). M mitochondria, N nucleus, PH phagosomes.

Scale bar¼ 1 μm
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in the metabolism of the retina [5, 8]. Lipofuscin, an undegradable fluorescent

material, is a heterogeneous material composed of a mixture of lipids and different

fluorescent compounds, the main fluorophore of which has been identified as the

pyridinium bis-retinoid, N-retinylidene-N-retinylethanolamine (A2E), a derivative

of vitamin A [6, 9, 10]. Lipofuscin pigment is intracellular yellow-brown

autofluorescent granules exhibiting sudanophilic, osmiophilic, argyrophilic, and

periodic acid-Schiff-positive and acid-fast staining characteristics [11]. RPE

lipofuscin is produced as a by-product mainly from the phagocytosed photoreceptor

outer segments.

RPE apical microvilli play important roles in the maintenance of photoreceptor

and retinal attachment [2, 12]. To maintain attachment, RPE cells develop elon-

gated apical microvilli of 5–7 μm in length, forming sheaths that involve in the

phagocytosis of photoreceptor outer segments (Fig. 16.1c). Any disruption of the

relationship between photoreceptors and the RPE will lead to pathological conse-

quences such as a retinal detachment. On the basolateral side, RPE cells display

highly convoluted infoldings that attach to Bruch’s basement membrane, an acel-

lular layer separating the RPE from the choriocapillaris. The RPE’s basal surface

participates in extensive metabolic exchanges of nutrients and signaling molecules

with blood vessels in the underlying choriocapillaris [13].

16.3 Biological Functions of the RPE

RPE cells play important roles in the process of highly specialized metabolic and

transport functions essential for homeostasis of the neural retina [2]. These include

phagocytosis of photoreceptor-shed outer segments, transport of nutrients into and

removal of waste products from photoreceptor cells, and retinoid transport and

regeneration. The phagocytic process occurs through engulfment by the apical

membrane of the RPE. Although the RPE is capable of slow, nonspecific phago-

cytosis of a diversity of large and small particles, the daily, specific phagocytosis of

photoreceptor outer segment disks is one of the important properties of RPE cells

for the maintenance of visual function [14]. The phagocytosed outer segments

undergo enzymatic digestion within the RPE, and after a phagosome has formed

following internalization, fusion occurs with lysosomes. Inhibition of lysosomal

proteases causes engorgement with undegraded phagosomes, rapidly [15]. Two

thousand photoreceptor disks in the parafovea, 3500 in the perifovea, and about

4,000 in the periphery of the monkey eye are shed by RPE phagocytic load per day.

Phagocytosis by the RPE results in the complete turnover of the photoreceptor outer

segments once every 8–13 days [16].

RPE cells produce and secrete various growth factors essential for the mainte-

nance of the structural integrity of the retina and choriocapillaris. A number of

reports have been conducted to show that the RPE is part of a complex system of

cellular cross talk that controls vascular supply, permeability, growth, repair, and

other processes vital to retinal functions. The RPE is able to secrete ATP; ciliary
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neurotrophic factor (CNTF) [17], which influences cell survival, proliferation, and

differentiation; fibroblast growth factors (FGF-1, FGF-2, and FGF-5), which can be

neurotropic [18]; insulin-like growth factor 1 (IGF-1), which involves in transfor-

mation events [19]; lens epithelium-derived growth factor (LEDGF), which is a

growth and survival factor [20]; pigment epithelium-derived factor (PEDF), which

acts as a neuroprotectant and vascular inhibitor [21]; platelet-derived growth factor

(PDGF), which modulates cell growth and healing [22]; transforming growth

factor-β (TGF-β), which moderates inflammation [23]; tissue inhibitors of matrix

metalloprotease (TIMPs), which remodel the extracellular matrix [24]; vascular

endothelial growth factor (VEGF), which can stimulate vascular permeability

and/or growth [25, 26]; and members of the interleukin family, which regulate

immune response [27, 28]. These factors are activated when the retina or the RPE is

exposed to pathological environments including hypoxia, oxidative stress, and

metabolic stress. For example, VEGF and TIMPs are secreted from the basolateral

side of the RPE to the choroid, which are required for stabilizing the fenestrated

structure of the choroidal endothelium [25]. On the apical/retinal side of the RPE,

PEDF is secreted to stabilize the neuronal retina in preventing apoptosis [29–31].

The retina is the tissue with highest cell density in the body. The photoreceptors,

neurons, and Müller glial cells produce a large amount of metabolic water that

accumulates in the retina because the retina has a high metabolic turnover rate. The

RPE transports ions and water from the subretinal space/apical side to the blood/

basolateral side, and tight junctions of RPE cells establish the basis for the blood-

retinal barrier between the retina and choroidal circulation [13]. The RPE has a

characteristic distribution of the membrane proteins containing a number of ion

channels, as well as active or facilitative transport systems for ions and for metab-

olites such as glucose and amino acids. Different channels and transporters are

present on the apical and basal membranes (e.g., an electrogenic sodium-potassium

pump only on the apical side, a chloride-bicarbonate exchange transporter on the

basal side). Water transport is driven by a transepithelial transport of chloride from

subretinal space to the blood side through the RPE. The chloride transport is an

active transport driven by the activity of the apically localized sodium-potassium

ATPase [32]. Thus, tight junctions of RPE cells are required to maintain the neural

environment of the retina, forming a nearly impermeable seal between RPE cells to

regulate intercellular diffusion via RPE cells.

16.4 Aging of the RPE

Aging is a universal process that is associated with the decline of cellular functions

and susceptibility to degenerative diseases. During aging, the number of neurons

from all kinds of the neuronal cells decreases, and photoreceptor cells become

shortened, resulting in overall thinning of the retina. The density of RPE cells has

been reported to decrease by about 0.3 % per year with increasing age, which was

greater in the macula compared with the periphery due to higher metabolic activity
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in the central retina [33]. Both of funduscopic and morphologic examinations

exhibit significant pigmentary changes in the RPE with increasing age. The accu-

mulation of lipofuscin in RPE cells may be due in large part to incomplete digestion

of shed photoreceptor disks and affect the antioxidant properties of melanin

[34, 35]. Photobleaching with aging damages melanosomes, which also diminishes

the antioxidant efficiency of melanin [36]. The aged lipid A2E (present in

lipofuscin) and mitochondrial dysfunction synergistically lead to disorder of RPE

phagocytosis and stimulate the complement system [37, 38]. The advanced

glycation end products (AGEs) were reported to accumulate within Bruch’s mem-

brane and the RPE and affect lysosomal enzyme functions in RPE cells associated

with lipofuscin [39, 40]. Increase of those products in the RPE is associated with

AMD, Leber’s amaurosis, Best’s disease, and Stargardt’s disease. The RPE during

aging displays numerous other functional and structural changes such as formation

of drusen and disorganization of RPE microvilli and basal infoldings [41–44].

Drusen are debris-like insoluble lipid-rich deposits that accumulate between the

basal lamina of the RPE and the inner collagenous layer of Bruch’s membrane.

Biochemical compositional analysis of drusen has identified glyco-conjugates,

vitronectin, apolipoproteins B and E, alpha-crystallin, complement proteins, and

lipids [45–47]. Small drusen are commonly observed in older individuals and

usually do not interfere with vision. However, the presence of large and many

drusen increases the risk of diseases such as AMD. Several reports have suggested

that local inflammation plays a critical role in drusen formation [48–50]. The

process of drusen deposition is a similar to other age-related diseases such as

Alzheimer’s disease and atherosclerosis, both of which have accumulation of

extracellular plaques and a local chronic inflammatory event due to deposits. The

RPE microvilli involve several antioxidant enzymes (e.g., lactate dehydrogenase,

glutathione S-transferase, peroxiredoxin, ceruloplasmin, and superoxide dismutase)

[51], suggesting that impairment of RPE microvilli also affects several of the key

functions carried out by the apical surface.

16.5 Disease of the RPE

AMD is the most common complex disorder in the elderly population in industri-

alized countries that primarily affects the central region of the retina (macula) and is

the leading cause of legal blindness. AMD affects over 1.7 million people in the

United States alone, and 30 % of individuals >75 years of age show some signs of

the disease. This number is expected to reach three million by the year 2020

[52]. With increased life expectancy, this devastating disease will continue to

have a significant public health impact on the quality of life worldwide [53,

54]. Early signs of the disease are characterized by the presence of ophthalmos-

copically visible soft drusen, areas of hyperpigmentation, and depigmented areas

(Fig. 16.2a, b), whereas later stages manifest either choroidal neovascularization or

atrophy of photoreceptors and the RPE [52, 55, 56]. Neovascular/exudative/wet
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AMD is characterized by abnormal capillary growth from the choroid beyond

Bruch’s membrane and often the RPE and by subsequent exudation of fluid, lipid,

and blood, resulting eventually in a disciform scar in the macula and is responsible

for severe visual loss (Fig. 16.2c). Atrophic/dry AMD, known as geographic

atrophy, is characterized by progressive degeneration of the outer neurosensory

retina, the RPE, and the choriocapillaris (Fig. 16.2d). The dysfunction and cell

death of the RPE is considered to happen primarily, followed by secondary loss of

neighboring photoreceptors and choriocapillaris. AMD harbors a multifactorial trait

involving both genetic [57, 58] and environmental factors [59], although the precise

etiology of AMD remains elusive. Inflammation, oxidative damage, cholesterol

metabolism, and/or impaired function of RPE also have been implicated in AMD

development, although aging is a key event that contributes to the pathogenesis of

Fig. 16.2 Fundus photograph of human eyes. (a) Fundus photograph of a healthy control subject.
(b) Fundus photograph of a patient with soft drusen (arrow). (c) Fundus photograph of a patient

with neovascular/exudative/wet AMD, the neovascular form with retinal hard exudates (yellow
waxy lesions, arrowheads), and subretinal hemorrhage (arrow). (d) Fundus photograph of a patient
with atrophic/dry form of AMD, an area of atrophy with the loss of photoreceptor, RPE, and the

choriocapillaris (arrowheads)

16 Roles of the Retinal Pigment Epithelium in Neuroprotection 233



AMD [60, 61]. Moreover, dysfunction of the RPE is involved in the pathogenesis of

several other retinal diseases such as retinitis pigmentosa, proliferative vitreore-

tinopathy, Stargardt’s disease, and Leber’s congenital amaurosis. Gene mutations

also are associated with retinal diseases, for example, Stargardt’s disease caused by

mutations in the ABCA4 (ATP-binding cassette, subfamily A, member 4) gene that

encodes an ATP-binding cassette transporter, which lead to an increase of A2E

within the RPE [38, 62].

16.6 Conclusions

Located between light-sensitive outer segments of photoreceptors and blood vessels

of the choriocapillaris, the RPE plays critical roles in the development and main-

tenance of retinal functions that closely interact with photoreceptors and the

choroid. Several pathological microenvironmental changes including aging, oxida-

tive stress, and inflammatory responses impair physiological functions of the RPE.

Functional impairment of the RPE has clearly been identified as the primary cause

of certain retinal disorders and secondarily plays further pathological roles in many

more. Clarification of the connections among those multiple events in the RPE will

provide an approach for the elucidation of the pathogenesis of many degenerative

retinal diseases leading to blindness such as AMD. The accumulation of novel

knowledge will become translated into therapeutic tools/drugs for the prevention

and treatment of vision loss and thus will bring new hope to those whose sight is

compromised.
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Chapter 17

Oxidative Stress in the RPE and Its
Contribution to AMD Pathogenesis:
Implication of Light Exposure

Yoko Ozawa

Abstract The retinal pigment epithelium (RPE) is a single layer of cuboidal cells

that develops from the neural tube as well as neural retina does, and is therefore

considered part of the central nervous system. While the neural retina receives light

and converts it to electrical signals to process information and transfer it to the

brain, the RPE acts as an essential coordinator of the retinal microenvironment for

appropriate retinal neural function. Reactive oxygen species (ROS) are generated

during basal cellular metabolic processes. Moreover, daily exposure to light stimuli

enhances the production of ROS in the RPE and the neural retina, the excessive

accumulation of which contributes to retinal pathogenesis. In this section, oxidative

stress in the RPE and its proposed contribution to age-related macular degeneration

(AMD) are discussed, reviewing recent in vivo and in vitro studies that support the

role of oxidative stress in the development and progression of AMD.

Keywords Inflammation • Light exposure • Reactive oxygen species (ROS)

• Retinal pigment epithelium (RPE) • Tight junction

17.1 Roles of the RPE and Oxidative Stress

17.1.1 Physiological Roles of the RPE

The retinal pigment epithelium (RPE) is a multifunctional regulator of the retinal

microenvironment. Its physiological and cellular functions include the recycling of

retinal pigment during the visual cycle, the directional transport of oxygen and
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nutrients, the formation of the blood–retinal barrier (BRB) which regulates the

infiltration of molecules and cells, and the polarized secretion of cytokines and

chemokines [1, 2].

The RPE plays a central role in regulating the visual cycle of rhodopsin. During

phototransduction, the rhodopsin chromophore 11-cis retinal is converted into

all-trans retinol, which accumulates in the outer segments of photoreceptor cells.

The RPE cells phagocytose the outer segments containing all-trans retinol, which is
then sequentially metabolized to regenerate 11-cis retinal and the rhodopsin pig-

ment. During this process, N-retinylidene-N-retinylethanolamine (A2E) is gener-

ated, which can accumulate and lead to lipofuscin formation in the aging RPE. A2E

also induces production of reactive oxygen species (ROS) in response to blue light

[3], which can result in RPE cell death [4]. An abnormality in the gene encoding a

transmembrane transporter, ATP-binding cassette, subfamily A (ABC1), member

4 (ABCA4), causes A2E and lipofuscin accumulation, leading to the retinal degen-

erative condition known as Stargardt disease [5]. Light-induced photoreceptor cell

death is suppressed in the absence of rhodopsin [6] or in the presence of a mutation

in an enzyme of the visual cycle, RPE65 [7]. These findings suggest that cellular

metabolism during the visual cycle in the RPE contributes to increases in ROS and

the development of tissue damage in the retina.

The RPE controls the flow of fluid which contains oxygen and nutrients from the

highly vascularized choroid into the outer retina. Together the vascular and epithe-

lial components of the BRB maintain the specialized environment of the neural

retina [8]. The tight junctions and adherens junctions (Fig. 17.1) form connections

between cells and regulate the localization of membrane proteins and cell polarity,

and in the retinal environment, these structures are important for establishing the

BRB. Thus, breakdown of the BRB can result in abnormal infiltrations of molecules

and/or cells, including vascular endothelial cells and inflammatory cells, which may

contribute to the development and/or progression of AMD lesions in the subretinal

space.

The RPE secretes vascular endothelial growth factor (VEGF), which is indis-

pensable for maintaining the choroidal vessels that provide oxygen and nutrients to

the outer neural retina, mainly the photoreceptor cells [9, 10]. In mice that have

been engineered to express only the membrane-bound, non-soluble isoform of

VEGF (VEGF188), vessels in the choroid undergo degeneration, followed by

photoreceptor cell apoptosis [9]. Targeted depletion of VEGF in the adult RPE

also causes the similar changes [10]. The RPE also secretes a neuroprotective and

vascular suppressive factor, pigment epithelium-derived factor (PEDF), which

inhibits excessive VEGF signaling; insufficient PEDF may also be associated

with AMD pathogenesis [11, 12]. In addition to these physiological cytokines, the

RPE also secretes monocyte chemotactic factor-1 (MCP-1), which can recruit

inflammatory cells and promote AMD lesions [13, 14]. Various studies have

shown that ROS cross talk with inflammatory reactions can lead to a vicious

cycle [15–18] that contributes to the development of AMD [19, 20].
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17.1.2 ROS and Oxidative Stress

Oxidative stress occurs when excessive ROS accumulate and are not eliminated by

the normal biological self-defense systems (see below), resulting in tissue/organ

damage and various pathological conditions. ROS are highly reactive chemicals

derived from oxygen following exposure to high-energy or electron-transferring

chemical reactions [21, 22]. ROS include singlet oxygen (1O2), superoxide anion

radical (O�‐), hydroxyl radical (HO˙), and hydrogen peroxide (H2O2) (Fig. 17.2).

ROS are toxic to biological organisms due to their oxidation of lipids, proteins,

DNA, and carbohydrates, which results in the loss of normal membrane, metabolic,

and reproductive functions.

Fig. 17.1 Tight and

adherens junctions in the

RPE. Schematic illustration

of the tight junction

(TJ) and adherens junction

(AJ) and their association

with actin filaments

Fig. 17.2 Generation of ROS. Reactions leading to ROS generation. The singlet oxygen (1O2),

superoxide anion radical (O�
-), hydroxyl radical (HO˙), and hydrogen peroxide (H2O2) are shown
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17.1.3 Generation, Elimination, and Accumulation of ROS

ROS are unavoidable by-products of the biochemical pathways involved in energy

production and storage, such as glycolysis, the electron transport chain, and pho-

tosynthesis [22]. Mitochondrial oxidants are formed predominantly at complexes I

and III of the cytochrome chain when electrons initially derived from NADH or

FADH2 react with oxygen to produce superoxide anions [23]. Nicotinamide ade-

nine dinucleotide phosphate (NADPH)-dependent oxidases also generate ROS. The

NADPH-dependent oxidases comprise a seven-member family of membrane-

bound enzymes (Nox1–5 and Duox1–2) that are widely expressed and evolution-

arily conserved [23]. NADPH-dependent oxidase-produced ROS directly eliminate

invading pathogens and play a central role in the pathobiology of sepsis by

regulating the bactericidal activity of phagocytes [24]. Additional cellular sources

of ROS production include a number of intracellular enzymes, such as xanthine

oxidase, cyclooxygenases, cytochrome p450 enzymes, and lipoxygenases, all of

which produce oxidants as part of their normal enzymatic function [23].

ROS levels are regulated by several enzymes that eliminate ROS in the cytosol

or mitochondria (Fig. 17.3). These enzymes include the superoxide dismutase

(SOD) family. SOD1 (Cu–Zn SOD) is cytosolic, while SOD2 (Mn SOD) localizes

Fig. 17.3 Antioxidative reactions. SOD converts O�‐ to H2O2, which is further converted to H2O

by catalase. H2O2 is also converted to H2O by glutathione peroxidase. In this system, GSH acts as

an antioxidant reducing H2O2 and is oxidized to become GSSG. GSSG is then reduced by

glutathione reductase to replenish GSH. SOD superoxide dismutase, GSH reduced glutathione,

GSSG oxidized glutathione representing glutathione-S-S-glutathione
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to the mitochondria, and SOD3 (a Cu–Zn SOD encoded by another gene and with a

different protein structure compared to SOD1) localizes to the extracellular space.

In the peroxisome, catalases are expressed that eliminate the H2O2 produced during

the β-oxidation-mediated breakdown of long-chain fatty acids which are subse-

quently shuttled to mitochondria to generate ATP. One of the most important

cellular antioxidants is glutathione, a cysteine-containing peptide found in most

forms of aerobic life. Glutathione’s antioxidant properties are due to a thiol group in

its cysteine moiety that functions as a reducing agent and can be reversibly oxidized

and reduced.

An additional means of regulating oxidation is by the uptake of exogenous

antioxidative molecules. Examples of exogenous antioxidants include the caroten-

oid, lutein [17, 25–27], and vitamins. Lutein is not synthesized in humans and is

considered to be a micronutrient found in certain foods, such as spinach and kale.

Lutein is delivered to the retina and concentrated in the macula, the center of the

retina; it also accumulates in the RPE [17, 28]. Two large clinical studies, the

Age-Related Eye Disease Study (AREDS) [29] and AREDS 2 [30], demonstrated

that lutein intake protects against the progression of AMD.

The cellular accumulation of ROS is determined by the net balance of

ROS-generating and ROS-eliminating reactions. When ROS generation is exces-

sive or when elimination fails, high levels of ROS will promote tissue/organ

damage. Excessive ROS production can result from a metabolic imbalance induced

by diabetes or in response to external environmental insults such as exposure to

light or smoke, while the reduced elimination of ROS occurs when

ROS-eliminating enzymes are disabled due to genetic abnormalities [31–33] or

aging-related reductions in enzymatic activity [34]. For example, the SOD activity

in mesenteric lymphatic vessels was shown to be reduced in 24- versus 9-month-old

rats [34]. Interestingly, excessive ROS accumulation may lead to the reduced

expression of antioxidative enzymes; Yuki et al. showed that oxidative stress

caused by N-methyl-D-aspartate (NMDA) results in reduced SOD1 mRNA and

protein levels in the retina [33]. Thus, ROS accumulation is mediated by multiple

mechanisms.

17.2 Association of Oxidative Stress in the RPE
with Aging and AMD

Although the ROS generated during normal metabolic processes are eliminated

through the pathways described above, oxidative stress occurs constantly, and the

effects of residual ROS that are not completely removed may contribute to the

aging process [32, 35, 36]. The age-related increase in oxidative stress leads to an

increased accumulation of autoxidative lipofuscin in the lysosomes of RPE cells, as

well as drusen formation in the extracellular space between the RPE and Bruch’s

membrane [2, 37]. The accumulation of oxidized low-density lipoproteins and lipid
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peroxidation end products reduces the degradation of phagocytosed photoreceptor

outer segments and increases cellular stress in the RPE cells [38]. Excess ROS can

lead to protein damage and unfolding, especially in age-related conditions [39]. Oxi-

dative stress can also lead to mitochondrial DNA damage, which further increases

ROS generation and reduces the metabolic capacity, thereby enhancing age-related

degenerative tissue changes [2]. Moreover, these ROS-induced cellular changes

may lead to the further production of ROS that are not properly eliminated, thus

accelerating the ROS-induced pathogenic changes [32, 33].

These aging-related events are believed to lead to subsequent immunological

responses, including the production of several types of inflammation-related mol-

ecules, the recruitment of leukocytes such as macrophages and dendritic cells, and

the activation of complement pathways, and all of these processes are related to the

pathogenesis of AMD [19]. AMD risk factors include smoking, metabolic syn-

dromes (including hypertension and arteriosclerosis), single nucleotide polymor-

phisms (SNPs) [20, 40–42], and light exposure [43], all of which are proposed

sources of ROS accumulation and can lead to consecutive and chronic inflamma-

tion. Recent studies indicate that the RPE is a primary target of oxidative stress and

that changes in the RPE represent early changes in the pathogenesis of AMD. In the

following sections, specific experimental studies are introduced.

17.3 In Vitro Analysis of Oxidative Stress Using
the ARPE-19 Human RPE Cell Line

ARPE-19 is a spontaneously arising RPE cell line derived from the normal eyes of a

19-year-old male. To explore the underlying mechanisms of AMD, oxidative stress

in the RPE is often studied using this cell line. ROS are induced by treating the cells

with H2O2 or paraquat or by exposing them to ultraviolet or visible light [44, 45].

ARPE-19 cells exhibit barrier functions mediated by tight and adherens junctions

and secrete cytokines, consistent with the RPE’s functions in vivo. However, the

ARPE-19 cells exhibit reduced transepithelial resistance (TER), reduced levels of

secreted cytokines, and limited formation of the hexagonal shape, a distinctive

characteristic of the RPE, compared with the primary RPE culture known as fetal

human RPE (fhRPE) [11, 35].

Despite these limitations, ARPE-19 cells are still commonly used for studying

the influence of oxidative stress on the RPE. When ARPE-19 cells are treated

intermittently and repeatedly with tert-butylhydroperoxide (tert-BHP), an organic

peroxide, they exhibit four well-known senescence biomarkers: hypertrophy,

senescence-associated β-galactosidase activity, growth arrest, and cell-cycle arrest

in G1. This chronic oxidative stress leads to modifications of the transcriptome and

cellular functions, which are involved in the cellular aging phenotype and patho-

physiology of AMD [46]. The cells under this treatment also show increased

amyloidogenesis, which can contribute to drusen formation, and an angiogenic
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molecular expression profile associated with AMD pathogenesis [47]. Alternatively,

another group showed that treating ARPE-19 cells with A2E combined with blue

light irradiation induces MCP-1, interleukin-8 (IL-8), and complement factor H

(CFH), which are also proposed to be involved in AMD pathogenesis [48].

ARPE-19 cells have also been used to investigate the effects of oxidative stress

on cell–cell junctions and their association with AMD pathogenesis [49, 50]. The

cadherin proteins are essential components of the adherens junctions and have

important roles in cell adhesion. Studies using ARPE-19 cells showed that

ROS-mediated Src kinase activation increases the tyrosine phosphorylation of

p120 catenin, a cellular protein that associates with and regulates cadherin turnover

at the cell surface, thereby controlling the level of cadherin available for cell–cell

adhesion. The induction of ROS rapidly triggers the translocation of p120 catenin

and the internalization of N-cadherin from the cell–cell adhesion sites to an early

endosomal compartment. The endosomal accumulation of p120 catenin results in

stress fiber formation and cell–cell dissociation through activation of the Rho/Rho-

associated protein kinase (ROCK) signaling pathway. Another group reported that

white light exposure disrupts the expression of zona occludens (ZO-1), a compo-

nent of tight junctions, in the ARPE19 cells and simultaneously activates the

Wnt/β-catenin pathway [45]. These results are consistent with other studies show-

ing that p120 and β-catenin bind to the intracellular domain of cadherin and are

released when Wnt ligand binds to its receptor, Dvl, a human homolog of the

Drosophila dishevelled. In fact, the oxidative stress-induced cytoskeletal

remodeling and cell–cell dissociation were transient in their study, due to the

induction of SOD and activation of a nuclear factor-κB (NF-κB)-induced negative

feedback loop [49]; the ROS generation–elimination systems can be balanced under

their study condition; therefore, the junction may be repaired.

Much of the research investigating the effects of oxidative stress on the RPE has

been performed using ARPE-19 cells, in part because of the challenge in isolating

sufficient primary RPE for mechanistic studies. However, since AMD pathogenesis

involves whole ocular and systemic interactions, in vivo studies are indispensable

for understanding this disease.

17.4 Proposed Mechanisms Linking Oxidative Stress
in the RPE to the Pathogenesis of AMD

17.4.1 Analysis of AMD Pathogenesis in Animal Models

In vivo AMD pathogenesis studies are often performed with laser-induced choroi-

dal neovascularization (CNV) models using wild-type or genetically modified mice

[51–60]. These models are well accepted and have shed light on the inflammatory

cytokines and signaling molecules contributing to neovascularization, including

IL-6 [52], IL-17 [51], CCR3 [57], the renin–angiotensin system (including angio-

tensin II type 1 receptor [55], bradykinin [55], and the prorenin receptor [58]),
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JNK [59], and hyaluronan-CD44 [54]. In contrast, IL-18 has been shown to be a

protective factor that inhibits CNV development [61].

The impact of MCP-1 in generating CNV has been reported in a model of CNV

generated by injecting oxidized phospholipids into the subretinal space [14]. Nota-

bly, the CNV induction in this model is not observed in MCP-1 knockout mice. The

study also showed that mild, chronic light exposure for 6 months induces the

accumulation of oxidized phospholipids in the retina (including the RPE), which

induces CNV in 50 % of the time (they found CNVs in four eyes in the eight

analyzed eyes), while MCP-1 knockout mice never show CNV generation under the

same condition. Since light exposure is associated with AMD [43], this model may

be more physiologically relevant than the artificially laser-induced CNV model.

There are certain gene-targeted mice which develop AMD-related pathogenesis

in the absence of CNV development. Neprilysin-deficient mice, in which amyloid β
accumulates, exhibit RPE vacuolization and VEGF–PEDF imbalance [47], and

Dicer1-deficient mice accumulate Alu RNA and show subsequent RPE degenera-

tion and geographic atrophy, which is characteristic of an AMD subtype [62].

Inflammation and accumulated materials are highly intertwined with oxidative

stress that could be involved in the AMD pathogenesis [35].

17.4.2 Influence of Light-Induced ROS in the RPE

In addition to the abovementioned studies, the significance of ROS and the under-

lying molecular mechanism in the development of AMD-related pathological

changes in the RPE was investigated by Narimatsu et al., using another model in

which wild-type Balb/c mice are acutely exposed to moderate light [63]; Balb/c

mice have a polymorphism in the RPE65 gene, which is required for the visual

cycle, and are thus more susceptible to light-induced retinal degeneration than

C57B/6J mice [7]. In this study, the examination of flat-mounted RPE samples

revealed that light exposure leads to the disruption of cell–cell junctions and the

actin cytoskeleton. The analysis of specific membrane-bound molecules, including

ZO-1 (a tight junction marker), N-cadherin and β-catenin (both adherens junction

markers), and F-actin (an actin cytoskeleton marker detected by phalloidin),

revealed the disruption of cell junctions (Fig. 17.4). These observations suggested

that light exposure leads to breakdown of the BRB, which may promote CNV

invasion and related exudative changes, as well as an infiltration of inflammatory

cells, from the choroid into the subretinal space.

In this model, analysis using DCF-DH, a fluorescent probe that detects hydroxyl

and peroxyl radicals, and other ROS, after deacetylation by endogenous esterases,

revealed that the ROS levels in the RPE–choroid are elevated immediately after

light exposure. (Separation of the RPE and choroid was not technically feasible;

thus the two tissues were analyzed as a complex.) To determine if the altered

cell junctions and cytoskeletal disruptions are mediated by the excessive

ROS accumulation, light-exposed mice were treated with the antioxidant
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N-acetylcysteine (NAC). NAC is a by-product of glutathione and plays a role in

glutathione maintenance and metabolism [64]; it is also an approved pharmaceuti-

cal drug and nutritional supplement used primarily as a mucolytic agent and in the

detoxification of paracetamol (acetaminophen) overdose. NAC treatment was

shown to prevent the light-induced cell–cell junction and actin cytoskeletal disrup-

tion, as indicated by the attenuated loss of membrane-bound ZO-1, N-cadherin,
β-catenin, and F-actin. These findings indicated that excessive ROS levels are

responsible for these changes and implicate oxidative stress-induced breakdown

of the BRB in the pathogenesis of AMD.

In general, cell–cell junctions are regulated by Rho/ROCK signaling

[65]. ROCK, activated by GTP-bound RhoA, phosphorylates LIM kinase, myosin

light chain (MLC), and MLC phosphatase, all of which are key regulators of actin

organization. Notably, ROCK activity increased after light exposure, and NAC

treatment reduced the ROCK activation, in the above-mentioned study, indicating

that ROCK is activated by excessive ROS accumulation [63]. A ROCK inhibitor,

Y27632, suppressed the light-induced cell junction and actin cytoskeleton disrup-

tion in the RPE. Taken together, these findings suggest that light-induced ROS

accumulation leads to ROCK activation, which disrupts cell–cell junctions and the

actin cytoskeleton, resulting in breakdown of the BRB, in vivo. This mechanism

may be involved in AMD progression.

Inflammatory cytokines and macrophages have also been implicated in AMD

pathogenesis [13, 14, 57]. To investigate the involvement of light-induced ROS in

promoting cytokine expression in the RPE–choroid, Narimatsu et al. also analyzed

cytokine mRNA and protein levels after light exposure [63]; MCP-1 is strongly

Fig. 17.4 Photodamage to the tight junction, adherens junction, and actin cytoskeleton. Light

exposure disrupts the sub-membrane distribution of markers of the tight junction (ZO-1), adherens

junction (N-cadherin and β-catenin), and actin cytoskeleton (F-actin) in the RPE, in vivo
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induced by light exposure at both the mRNA and protein levels, and macrophage

infiltration is increased in the RPE–choroid, as shown by both F4/80 mRNA

induction and the recruitment of F4/80-immunopositive cells to the choroid and

subretinal space. The macrophage infiltration may result from the disrupted RPE

and may contribute to CNV invasion into the subretinal space, since VEGF is

secreted by macrophages. In addition, all of the inflammatory changes were found

to be inhibited by NAC-mediated ROS suppression or Y27632-mediated ROCK

inhibition. Another inflammatory cytokine, IL-6, which is also implicated in AMD

pathogenesis [52], increases at the mRNA and protein levels in the RPE–choroid

after light exposure, and these increases are suppressed by NAC or Y27632

treatment. Ccl-11, another AMD-related cytokine, was also found to increase

after light exposure and to decrease by NAC administration, but was not regulated

by ROCK activity. Taken together, these findings demonstrate that the light-

induced inflammatory changes associated with AMD pathogenesis are mediated

by ROS accumulation and in many cases ROCK activation.

Although light exposure is a widely accepted risk factor for AMD development,

the underlying mechanisms contributing to AMD’s pathogenesis have not been

fully defined. However, the study by Narimatsu et al. suggests that light exposure

acts on the RPE–choroid and increases the risk of AMD through ROS accumulation

and ROCK activation (Fig. 17.5). To develop treatments for age-related retinal

pathologies, it is important to better understand the biological effects of light

exposure on the RPE, which plays a number of important roles in supporting retinal

function but may cause AMD when oxidative stress accumulates. Therapeutic

approaches designed to block the molecular mechanisms involved in light-induced

retinal changes would be of great value. The study discussed here raises the

Fig. 17.5 Proposed model

of the mechanism linking

light exposure in the RPE–

choroid to the pathogenesis

of AMD. Intense light

produces excessive ROS,

thereby promoting ROCK

activation, which leads to

the disruption of cell–cell

junctions and breakdown of

the BRB, pathological

cytokine production, and

macrophage recruitment to

the RPE and/or choroid.

These changes may

promote AMD development

and progression
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possibility that pharmaceuticals targeting ROS and ROCK signaling pathways may

provide additional benefit when used in combination with light-blocking strategies

[66, 67]. Further studies investigating the underlying molecular mechanisms and

exploring potential therapeutic approaches are required.

17.5 Summary

It is well accepted that ROS accumulation in the RPE contributes to AMD patho-

genesis. The studies reviewed here suggest that light stimuli may be one of the

important factors that cause ROS accumulation. Light-induced ROS accelerate

the pathological changes in the RPE, at least in part, by altering the BRB structure,

the molecular expression of inflammatory molecules, and the subsequent recruit-

ment of inflammatory cells. These in vivo cellular changes observed in mice and the

underlying molecular mechanisms contribute to our understanding of the patho-

genesis of AMD and to the investigation of new treatment targets. Further biolog-

ical studies are warranted.
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Chapter 18

Interaction Between Photoreceptors
and RPEs

Takeshi Yoshida and Kyoko Ohno-Matsui

Abstract The relationship between the retinal pigment epithelial cells (RPE) and

photoreceptor cells is crucial to sight; this is evident from basic and clinical studies

demonstrating that primary dysfunction of the RPE can result in photoreceptor

cell death and blindness. RPE cells have many functions including the conversion

and storage of retinoid, the phagocytosis of shed photoreceptor outer segment

membrane, and the transport of ion and fluid between RPE and photoreceptors to

keep homeostasis of the eye. The major cause of adult blindness in industrialized

countries is the progressive dysfunction and death of the retinal photoreceptors

including age-related macular degeneration (AMD) and retinitis pigmentosa (RP).

Molecular interaction between the RPE and photoreceptors in the pathogenesis

of the diseases is complicated. The pathogenesis of AMD and RP is strongly

associated with metabolism, aging, and genetic disorder. In addition to the molec-

ular interaction between the RPE and photoreceptors, we address the correlation

between gene expression and pathogenesis of AMD and RP in this review.

Keywords Age-related macular degeneration • Retinal pigment epithelial cell

• Photoreceptors • Retinitis pigmentosa

18.1 Molecular Basis of Retinal Pigment Epithelial
Cells and Photoreceptors

The retinal pigment epithelium (RPE) forms a monolayer of highly specialized

neuroectodermally derived pigmented cells located between the neurosensory

retina and the vascular choroid. Most of the RPE cells have developed polarized
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characteristics with cobblestone-like shape and apical microvilli that extend into

the subretinal space. The polarized organization of the RPE is essential for the

proper functioning of the neural retina. The apical microvilli of the RPE face and

interdigitate with the outer segments (OS) of the photoreceptor cells, while its basal

surface is attached to the underlying basement membrane (Bruch’s membrane). The

RPE mediates functions essential for normal outer retinal physiology, including

participation in the visual cycle, phagocytosis of shed photoreceptor OS, mainte-

nance of the blood-retinal barrier (BRB), secretion of neurotrophic, inflammatory,

and vasculotrophic growth factors, water transport out of subretinal space, and

regulation of bidirectional ion and metabolic transport between the retina and

choroid [1]. The RPE is a primary site of pathology in major causes of blindness

diseases, including age-related macular degeneration (AMD) and pigment epithe-

lium degeneration.

Our visual experience is initiated by the rod and cone photoreceptors in the

retina. The photoreceptors are a specialized type of neuron that is capable of

phototransduction. The photoreceptors convert light into signals that can stimulate

neuronal impulse transmission by triggering a change in the cell membrane poten-

tial after absorbing a photon. The rod and cone photoreceptors are located in the

outer nuclear layer of the retina. The rod and cone photoreceptors are polarized

sensory neurons that contain the protein machinery necessary to convert incident

light into a signal that can be interpreted by the nervous system of brain. The rod

functions primarily in dim light and provides black and white vision, while the cone

supports daytime vision and is responsible for color perception. Both the rod and

cone photoreceptors are highly polarized elongated cells that can be described as

having four subcellular compartments: the outer segment (OS), the inner segment

(IS), the nucleus, and the synaptic terminal. The OS is where photons are captured,

and activation of the phototransduction cascade begins. The OS compartment

contains all components necessary for phototransduction, which is a set of bio-

chemical reaction that converts photon capture to a change in a cationic current at

the plasma membrane. Unlike the upper layers of the retina, the photoreceptor layer

does not contain blood vessels: oxygen and nutrients are instead provided by the

choriocapillaris through the RPE. The photoreceptor IS is rich in mitochondria,

which are needed to provide energy for these highly metabolically active cells. The

photoreceptors consume more oxygen per gram of tissue weight than any cell in the

body and have a tissue oxygen level close to zero in the dark [2]. Loss of visual cells

by apoptosis is a key feature of retinitis pigmentosa (RP) and of AMD [3–5]. Thus,

understanding the process of photoreceptor apoptosis might provide clues on how

to interfere with photoreceptor loss and therefore loss of vision in these diseases.

18.1.1 Phagocytosis

The RPE cells play an important role in the integrity of the visual axis through their

phagocytic function. The RPE apically extends microvilli that interdigitate with the
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photoreceptor OS. This arrangement is critical to keeping vision since renewal of

the phototransduction and maintenance of a constant OS length require the shed-

ding of apical stacks of discs. The RPE cells phagocytose photoreceptor OS that are

shed daily during renewal of the photoreceptors. Indeed, defects in this process in

several models have demonstrated its importance for the function and longevity of

the photoreceptors [6–8]. Degradation of the OS following phagocytosis by RPE

takes place following the delivery of lysosomal enzymes to the phagosome and the

activation of proteolytic enzymes during acidification of this compartment. Degra-

dation products are then removed from the cell by transport to the blood. Some

phagocytosed disc materials are recycled to the photoreceptors to replenish neces-

sary components [1]. Considering their role in daily phagocytosis of shed discs

from the photoreceptor cells, postmitotic RPE cells can be considered as some of

the most active phagocytic cells in the body. Photoreceptor disc shedding and

RPE-mediated phagocytosis are mediated by a complex sequence of steps by

both the photoreceptor and RPE layers. It begins with shedding of the photoreceptor

OS discs, which expose phosphatidylserine at the tips of the photoreceptors to

facilitate binding to αvβ5 [9] and CD36 [10] receptors on the apical surface of RPE

cells. Disruption of RPE phagocytosis has been linked to disease phenotypes such

as retinitis pigmentosa and rod/cone dystrophies [11]; however, the precise mech-

anisms are still unclear.

18.1.2 Visual Cycle

Light perception in the retina is initiated by the reaction of photons with light-

sensitive pigments that are part of the membranes of the photoreceptor

OS. Cooperation between the RPE cells and the photoreceptor allows these pig-

ments to be recycled through a complex series of oxidation-reduction reactions and

transport mechanisms that are referred as the visual cycle. The RPE contains the

visual cycle required for the enzymatic isomerization of vitamin A [all-trans-
retinol] into the light-sensitive chromophore [11-cis-retinal] to regenerate photo-

bleached pigments for optimal vision [12]. All-trans-retinol is transported through

the interface of the photoreceptor OS and microvilli of RPE via interphotoreceptor

matrix (IPM) and interphotoreceptor retinoid-binding protein (IRBP). IRBP is the

important soluble protein that exists in the IPM and functions as the two-way carrier

of retinoids, both from the RPE to the photoreceptors and from the photoreceptors

back to the RPE [13, 14] (Fig. 18.1). Photoreceptors are dependent upon the RPE

cells for survival, so after RPE cells drop out, overlying photoreceptors die. Defects

in either process can have serious consequences for vision.
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18.1.3 Transport of Nutrients, Ions, and Water

The RPE constitutes the outer BRB. Tight junctions between the RPE cells and the

endothelial cells of choroid are essential in the strict control of fluids and solutes

that cross the BRB as well as in preventing the entrance of toxic molecules and

plasma components into the retina. Therefore, this function is essential for the

integrity of the retina [15]. In one direction, the RPE transports electrolytes and

water from the subretinal space to the choroid, and in the other direction, the RPE

transports glucose and other nutrients from the blood to the photoreceptors.

18.1.4 Transport from Choroid to Photoreceptors

The RPE takes up nutrients such as glucose, retinol, and fatty acids from the

blood and delivers these nutrients to the photoreceptors. To transport glucose, the

RPE contains high amounts of glucose transporters such as GLUT1 and GLUT3

in both the apical and the basolateral membranes [16]. Another important func-

tion of the RPE is the transport of retinol to the photoreceptors as mentioned in

above. Delivery of fatty acids such as docosahexaenoic acid (DHA) to the

photoreceptors is a third kind of transport of importance for visual function

[17]. DHA is an essential omega-3 fatty acid that is required as structural element

by the membranes of the photoreceptors. DHA is taken up in a concentration-

dependent manner.

Fig. 18.1 Visual cycle between RPE and OS of photoreceptor. RPE retinal pigment epithelial.

IPM interphotoreceptor matrix. OS outer segment. IRBP interphotoreceptor retinoid-binding

protein. CRALBP cellular retinaldehyde-binding protein
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18.1.5 Transport from Subretinal Space to Blood

The RPE is responsible for transportation of ions and water from the apical side to

the basolateral side of the RPE. The Na+-K+-ATPase, which is located in the apical

membrane of the RPE, provides the energy for transepithelial transport [18].

A consequence of the large metabolic turnover in neurons and photoreceptors

produce a large amount of water. This makes the need for the constant removal

of water from the inner retina to the choriocapillaris. Water in the subretinal space is

eliminated by the RPE. The transport of water is mainly driven by a transport of Cl�

and K+ [19]. Tight junctions make a barrier between the subretinal space and the

choriocapillaris. For this reason, water cannot pass through the paracellular trans-

port route, and water transport occurs mainly by transcellular pathways facilitated

by aquaporin-1 [20].

18.1.6 Secretion of Cytokines and Growth Factors

The RPE is known to produce and to secrete a variety of cytokines and growth

factors [21] as well as factors that are essential for the maintenance of the structural

integrity of the retina. The RPE produces molecules that support the survival of the

photoreceptors and protect a structural basis for the optimal circulation and supply

of nutrients. The RPE is able to secrete pigment epithelium-derived factor (PEDF)

[22], vascular endothelial growth factor (VEGF) [23], fibroblast growth factors

(FGF-1, FGF-2, and FGF-5) [24], transforming growth factor-β (TGF-β) [25],

insulin-like growth factor-I (IGF-I) [26], nerve growth factor (NGF), brain-derived

neurotrophic factor (BDNF), neurotrophin-3 (NT-3), ciliary neurotrophic factor

(CNTF) [27], platelet-derived growth factor (PDGF) [28], tumor necrosis factor-α
(TNF-α), colony-stimulating factors (CSF), and different types of tissue inhibitor of

matrix metalloproteinase (TIMP). Among these factors, the best known factors are

VEGF and PEDF.

18.1.7 PEDF and VEGF

The RPE secretes PEDF [22], which helps to maintain the retinal as well as the

choriocapillaris structure in two ways. PEDF was described as a neuroprotective

factor because it was shown to protect neurons against glutamate-induced or

hypoxia-induced apoptosis. In addition, PEDF was shown to function as an

antiangiogenic factor that inhibited endothelial cell proliferation and stabilized

the endothelium of the choriocapillaris. These effects on vascularization also play

an important role in the embryonic development of the eye. Using PEDF-deficient

(PEDF-/-) mice, it has been confirmed that PEDF is an important modulator of early
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postnatal retinal vascularization and that in its absence retinal vascularization

proceeds at a faster rate and is more susceptible to hyperoxia-mediated vessel

obliteration. VEGF is secreted in low concentrations by the RPE where it prevents

endothelial cell apoptosis and is essential for an intact endothelium of the chorioca-

pillaris. VEGF also acts as a permeability factor stabilizing the fenestrations of the

endothelium [29]. In a healthy eye, PEDF and VEGF are secreted at opposite sides

of the RPE. PEDF is predominantly secreted from the apical surface where it

promotes an antiangiogenic and neuroprotective environment for the photorecep-

tors, whereas most of VEGF is secreted to the basal side where it acts on the

choroidal endothelium. These factors show dysregulated expression in many retinal

diseases such as AMD and pigment epithelium degeneration including RP.

18.2 Correlation Between RPE and Photoreceptor
in Age-Related Macular Degeneration
and Retinitis Pigmentosa

Among the elderly, blindness is feared more than any illness. The major cause of

adult blindness in industrialized countries is the progressive dysfunction and death

of the retinal photoreceptors. Diseases caused by RPE malfunction, including AMD

and some forms of RP, lead to photoreceptor degeneration. As the average lifespan

increases, disease prevalence is expected to rise. Treatments such as ranibizumab

show the capacity to slow the rate of vision loss, but have no more than a 10 % rate

of effectiveness in all AMD cases [30]. On the other hand, no effective treatments

are currently available to restore the vision of patients who suffer from RP.

18.2.1 Retinitis Pigmentosa

Retinitis pigmentosa (RP) is a heterogeneous set of inherited retinopathies with

many disease-causing genes, many known mutations, and highly varied clinical

consequences. RP is also one of the main causes of acquired blindness in developed

countries. RP is a slowly progressive inherited retinal disease, and patients with RP

have reduced visual function mainly because of degeneration of the rod and cone

photoreceptors and the RPE [31–33]. A clinical diagnosis of RP is made based on

the family history, presence of nyctalopia, visual field constriction, characteristic

pigmentary retinal changes, bone spicule pigmentation in the periphery, and reduc-

tion of the standard full-field electroretinograms (ERGs) consistent with rod-cone

dystrophy [34]. The ERG changes are presumably due to a degeneration of the

photoreceptors. Currently, there is no treatment that can lead to a recovery of the

decreased vision or halt the progression of the disease process. Several genetic

mutations have been found to cause RP, e.g., X-linked, autosomal dominant, and
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autosomal recessive conditions. However, RP without a known family history can

also occur [33]. In spite of genetic diversity, many RP patients have similar

symptoms, signs, and retinal histopathology [33, 35].

In RP patient, the retinal degeneration usually starts with degeneration of the rod

photoreceptors which leads to nyctalopia. With advancement, the retinal degener-

ation gives rise to a characteristic ring-shaped scotoma in the midperiphery. The

scotoma can then expand to the periphery and macula. The earliest histopathologic

change in all forms of RP is a shortening of the rod outer segments [31, 32]. As the

disease progresses, the cone photoreceptors also degenerate which then reduces

central vision [35].

18.2.1.1 Mutations Affecting the OS Phagocytosis in RPE

The photoreceptor outer segment is a crucial compound in the processes mediating

vision. The daily renewal and shedding of outer segment disks is a delicate process

that forms a metabolic burden to the photoreceptor and RPE cells. Disruption of the

continuous disk renewal or overactive degradation may lead to shortened and

malfunctioning outer segments. Deficient degradation of the shedded disk material

will result in the formation of retinal deposits, obstructing the flow of metabolites

that need to pass through the RPE to the photoreceptor. Obviously, defects in this

balance of disk renewal and disk shedding may result in retinal degeneration. It has

been described some evidences that a subset of genes mutated in RP affects this

mechanism, which leads to phenotypes with similar features. These genes encode

rhodopsin, peripherin/RDS, and ROM1. Among them, the peripherin/RDS muta-

tion seems to strongly correlate with OS phagocytosis. Furthermore, the mutations

in retinol (vitamin A), cellular retinaldehyde-binding protein (CRALBP), and

retinal pigment epithelium protein 65 (RPE65) gene are described to be associated

with OS phagocytosis and RPE.

18.2.1.2 Peripherin/Retinal Degeneration Slow (Peripherin/RDS)

The importance of peripherin/RDS to the development and structural maintenance

of photoreceptor OS was demonstrated in the RDS mouse [36], a naturally occur-

ring retinal degeneration caused by a mutation in the gene encoding peripherin/

RDS [37]. In this mouse, a large insertion in the peripherin/RDS gene interferes

with the transcription and translational processes so that no protein will be synthe-

sized [38]. Mice homozygous for the mutation completely lack peripherin/RDS and

develop no outer segments [39]. In heterozygous mice, with a 50 % reduction in

peripherin/RDS, outer segments were present in normal numbers but were short-

ened and displayed structural disorganization. A slow progression of retinal degen-

eration has been observed in these mice. In humans, mutations in the peripherin/

RDS gene are involved in degenerative disease of the retina as well. A subset of the

observed mutations results in a premature truncation of the protein, which will often
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result in complete absence of functional peripherin/RDS. Individuals carrying such

mutations have some distinctive features in common. In early stages no photore-

ceptor abnormalities are observed. This is followed by functional loss of both rods

and cones and the appearance of yellow deposits in the RPE. When the disease

progresses, degeneration of the RPE and photoreceptors is observed [40]. It has

been proposed that the 50 % reduction in the amount of functional peripherin/RDS

causes the observed phenotype, similar to the observations in the RDS mouse

[41]. Insufficient peripherin/RDS leads to instability of the ROS and affects the

continuous internalization and degradation of outer segment fragments by the RPE,

which poses a substantial burden on the RPE cell metabolism. Initially this may be

visualized by the appearance of lipofuscin containing yellowish dots, whereas later

stages present with RPE atrophy accompanied by the degeneration of overlying

photoreceptor cells. Mutations that result in the synthesis of an aberrant protein

have been observed in the peripherin/RDS gene as well. Extensive phenotypic

variation is observed in individuals heterozygous for these mutations, which dem-

onstrate dominant segregation within families. Affected individuals display either

RP, pattern dystrophy of the RPE, or cone and cone-rod dystrophies. These

phenotypes all result from the degeneration of photoreceptors, but differ in the

extent of rod and/or cone involvement.

18.2.1.3 Mutations Affecting the Retinol (Vitamin A) Metabolism

The RPE plays an essential role in the shedding and degradation of ROS disks. The

second major function of the RPE cells lies in the retinol metabolism. Retinol

deficiency resulting from malnutrition or metabolic disorders results in a phenotype

similar to RP. Characteristic symptoms include night blindness and abnormalities

in the ERG and the visual field. In contrast to the pigment deposits characteristic of

RP, small white deposits at the level of the RPE characterize retinol deficiency.

Animal models have shown that lasting retinol (vitamin A) deficiency ultimately

leads to photoreceptor degeneration [42, 43]. Recently mutations in genes involved

in the regeneration of the light-sensitive retinol derivative 11-cis-retinal have been
found in RP and allied disorders.

18.2.1.4 Cellular Retinaldehyde-Binding Protein

The CRALBP is expressed in the RPE cells and is one of the retinoid-binding

proteins that play a role in the regeneration of 11-cis-retinal after bleaching of the

photoreceptor cells. It acts as a substrate-carrier protein for 11-cis-retinol and

11-cis-retinal, thereby modulating the interaction between these proteins and visual

cycle enzymes [44]. Mutations in this gene have been identified in an Indian

pedigree from a consanguineous background. Patients experienced atypical RP

with early onset of night blindness, macular degeneration, and visual loss,

progressing toward legal blindness in the third decade. Numerous white dots were
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scattered over the entire fundus, similar to the phenotype resulting from retinol

deficiency. All affected individuals are homozygous for a mutation in a domain that

is highly conserved among related retinoid-binding proteins. In human, this muta-

tion probably results in a complete loss of function that severely disturbs or even

completely blocks the regeneration of 11-cis-retinal and rhodopsin [45] (Fig. 18.1).

18.2.1.5 Retinal Pigment Epithelium Protein 65

RPE65 is a 61-kD protein specifically expressed in the RPE. It accounts for 10 % of

the total amount of protein expressed in this tissue. Its exact function is not known,

although it is supposed to be part of the retinoid metabolism, because it is associated

with the plasma retinol-binding protein, 11-cis-retinol dehydrogenase, and a third

unknown protein [46]. A number of pedigrees segregating autosomal recessive

retinal degeneration resulting from mutations in the RPE65 gene have been

described. The phenotypes varied from severe, early-onset RP to Leber’s congenital

amaurosis [47]. All mutations described are likely to result in a partial or complete

loss of function of the RPE65 protein, which explains the early or even congenital

onset of the disease.

The year 2011 brought a new advance in the treatment of macular degenerations,

with the US Food and Drug Administration approving clinical trials using ES

cell-derived RPE transplants [48]. The eye is an ideal testing ground for stem cell

therapies; since it exhibits relative immune privilege, it is readily accessible for

monitoring and imaging purposes; and in the event of serious complications, its

removal is not a life-threatening event. Li et al. [49] tested both the safety of

differentiating human iPS cells into RPE for implant and the efficacy of iPS

transplantation in improving retinal function in the Rpe65rd12/Rpe65rd12 mice.

In addition, to determine whether any rescue effects were due to surgical injury or

feeder cells, control groups of Rpe65rd12/Rpe65rd12 mice received grafts of

mitomycin-C-treated undifferentiated mouse ES cells. Encouragingly, the iPS

cell-derived RPE cells expressed RPE markers, and the mice transplanted with

these cells showed enhanced ERG responses compared with control groups.

18.2.2 Age-Related Macular Degeneration

AMD is the leading cause of blindness in the elderly [50]. There are two phenotypes

of the disease: the first is “dry,” which accounts for about 90 % of the cases. Dry

AMD is characterized by extensive loss of RPE cells and the photoreceptors and

choriocapillaris [51]. The second phenotype is “wet.” This form of AMD is

characterized by the presence of choroidal neovascularization (CNV). CNV breaks

through Bruch’s membrane to the neuroretina from choroid, causing fluid leakage,

lipid accumulation, and ultimately resulting in fibrovascular scarring and loss of

photoreceptors. Considering the significant medical, personal, social, and economic
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costs of AMD, the novel therapeutic and preventative strategies for AMD are

needed. Innovation in AMD pharmacotherapy, in turn, depends largely upon a

thorough understanding of the molecular mechanisms underlying AMD

pathogenesis.

18.2.2.1 Changes of the Photoreceptors and Association
with RPE in AMD

Curcio et al. observed more rod loss than cone loss in dry AMD as well as in wet

form [51]. They suggested that photoreceptor degeneration and loss occurs before

disease in the RPE/Bruch’s membrane complex. This is consistent with reports of

impaired visual function in patients with dry AMD. Dunaief et al. observed the

apoptotic photoreceptors, the RPE, and the inner nuclear layer cells in human dry

and wet AMD, and they also observed TUNEL-positive RPE and photoreceptor

cells that were present at the edges of geographic atrophy [52], in which RPE cells

die first, followed by photoreceptor death due to loss of the RPE support functions

[53]. Furthermore, increased Fas labeling in AMD photoreceptors indicates that the

Fas/Fas ligand system may be involved in photoreceptor apoptosis [52]. Maeda

et al. showed that the loss of photoreceptors was directly related to loss of the RPE

after intravitreal ornithine-induced degeneration, suggesting the importance of the

RPE in the photoreceptor viability [54]. In geographic atrophy, the photoreceptors

loss was associated with RPE loss [55]. Degeneration of the RPE cells severely

impairs the visual function of the photoreceptors.

18.2.2.2 Drusen

Early stages of the disease feature the deposition of extracellular deposit, known as

drusen, from the basal side of the RPE into Bruch’s membrane. Drusen are the

clinical hallmark of AMD, which consist of pathological, round-shaped, and yel-

lowish extracellular deposits. Under the ophthalmoscope, they can be divided into

hard drusen and soft ones. The hard drusen are considered to be a consequence of

normal aging and appear to be yellow dots and have sharp borders. Soft drusen,

which are not considered a part of normal aging, are larger than hard drusen, with

fuzzy borders [56]. The latter are high-risk factors for the development of AMD

complications [57].

Drusen include various elements. Advanced glycation end products (AGEs),

ubiquitin, integrins, lipoproteins, tissue inhibitor of metalloproteinase 3,

beta-amyloid, fibronectin, vitronectin, apolipoprotein E (ApoE), factor X, immu-

noglobulin lambda chains, complement components like C1q, late-stage activated

complement components like the C5b-9 complex, major histocompatibility

complex (MHC) class II antigens, lipofuscin, and melanin have been identified in

drusen [58–61]. Drusen represent not only waste but also the by-product of local

active processes involving inflammation, the complement system, and the
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immune-related mechanisms [60]. Among them, one of key components of drusen

is beta-amyloid, which accumulates in the central nervous system with aging and in

Alzheimer’s disease. Increased accumulation of beta-amyloid with aging was found

in drusen [62]. We showed that neprilysin gene-disrupted mice, which leads to an

increased deposition of beta-amyloid in drusen, have a marked increase in VEGF

as well as a marked decrease in PEDF in the RPE [63]. Since PEDF has a

neuroprotective role, a decrease of PEDF secretion from the RPE may promote a

degeneration of the photoreceptors. Other interesting molecules in drusen are

lipofuscin and AGEs. Lipofuscin is a by-product of photoreceptor OS turnover

and is seen within both healthy and pathological RPE [64]. Lipofuscin pigments are

generated from random nonenzymatic reactions of retinaldehyde in photoreceptors

throughout life and enter RPE via phagocytosis. One of the principal lipofuscin

fluorophores, A2E, has been experimentally shown to mediate apoptosis in blue-

light-exposed RPE cell culture [65] as well as induce activation of the complement

system in vitro [66], providing a link to AMD pathogenesis. AGEs are oxidative

protein modifications resulting from the Maillard nonenzymatic glycation reaction

that have been associated with aging and age-related diseases [67]. AGEs commu-

nicate to cells via the receptors, receptor for advanced glycation end products

(RAGE) on RPE surface. RAGE activation by AGEs has been shown to increase

a secretion of VEGF through an activation of nuclear factor-kappaB (NF-kB) in the

RPE [68]. They contribute to the pathogenesis of AMD. Dysfunction of the RPE in

AMD may lead to photoreceptor loss and blindness.

18.2.2.3 Activation of the Complement Cascade

Recent studies have showed significant interest in the inflammatory event of AMD

pathogenesis [69]. These studies have been buttressed by genetic studies identifying

inflammation-associated single nucleotide polymorphisms (SNPs) that modulate

AMD risk. These SNPs lie in genes encoding complement factors. A number of

studies have described the presence of complement components and complement

regulatory proteins in drusen and nearby RPE of AMD patients, suggesting a role

for complement in AMD pathogenesis [70]. A major AMD-associated SNP is the

Y402H (tyrosine to histidine substitution at amino acid 402: Tyr402His) variant of

complement factor H (CFH) [71–74]. CFH is now widely accepted as an important

AMD susceptibility gene. CFH is identified in normal RPE and choroid [74]. CFH

mainly functions to control the alternative complement activation in sites of tissue

inflammation. CFH is involved in inhibiting the inflammatory response mediated

via C3b by acting as a cofactor for cleavage of C3b to its inactive form, iC3b, and

by weakening the active complex that forms between C3b and factor B (Fig. 18.2).

C-reactive protein (CRP) and glycosaminoglycans normally improve the ability of

CFH to inhibit complement. The mutation in CFH (Tyr402His) reduces the affinity

of CFH for CRP and seems to alter the ability of factor H to recognize specific

glycosaminoglycans. This change could result in reduced ability of CFH to regulate

the alternative pathway, which could be permissive for chronic inflammation [75].
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In addition to CFH, polymorphisms in complement factor B (CFB), complement

factor I (CFI), factor 2 (C2), and factor 3 (C3) genes have been reported as novel

risk factors for AMD [76–78]. An abundance of chronic inflammatory in RPE leads

to dysfunction and cell death of the RPE cell, which finally induces loss of the

photoreceptor.

18.2.2.4 Apolipoprotein E

ApoE is a structural component of plasma chylomicrons, very-low-density lipo-

proteins (VLDL), and a subclass of high-density lipoproteins (HDL) and is synthe-

sized in many tissues. The primary physiological role of ApoE is to facilitate the

binding of LDL to LDL receptors on cellular membranes, thereby regulating the

uptake of cholesterol required by cells. Klaver et al. have speculated that an active

biosynthesis of ApoE is required to support the high rate of photoreceptor renewal

in the macular region [79]. The gene for ApoE is polymorphic, with three major

allelic variants, ε2, ε3, and ε4 [80, 81]. Many previous studies suggest that the

ApoE ε4 allele is associated with a lower risk of late AMD [82], whereas less

consistently the ε2 allele seems to confer an increased risk [79].

18.2.2.5 Vascular Endothelial Growth Factor

VEGF is a key molecule in promoting angiogenesis in wet AMD [83]. VEGF also

can potentially induce vascular leakage and inflammation by triggering the

increased production and permeability of capillary endothelial cells. The VEGF

family currently includes VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E,

VEGF-F, and placenta growth factor (PIGF) that bind in a distinct pattern to

three structurally related receptor tyrosine kinases, denoted VEGF receptor-1,

VEGF receptor-2, and VEGF receptor-3. Increased expression of VEGF-A in the

RPE and in the outer nuclear layer is reported in postmortem maculae obtained

from individuals with AMD [84]. VEGF plays a critical role in the pathogenesis of

neovascular AMD, and recently, therapies targeting VEGF have shown promising

Fig. 18.2 Activation and inactivation of alternative complement pathway. CFH complement

factor H. CFB complement factor B. MAC membrane attack complex
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results of significant improvement of central vision and reduction of CNV

[85]. Kurihara et al. determined that mice developed rapid changes in the subretinal

vasculature following RPE-specific Cre-mediated conditionally knocking out

VEGF-A, characterized by complete loss of the choriocapillaris and marked atten-

uation of choroid vessels. In addition, damage to the cone photoreceptors occurred

as early as 3 days following Cre induction [86]. This result suggests VEGF-A may

alternatively have direct neurotrophic effects on the cone photoreceptors. Indeed,

photoreceptors have been shown to express VEGF receptors [87, 88]. Administra-

tion of anti-VEGF drugs is currently used for the treatment of patients with wet

AMD, which aims to regress the CNV and retain visual acuity. These evidences

indicate that anti-VEGF therapies should be administered with caution.

18.3 Conclusion

In summary the correlation within the photoreceptor and RPE is lost in RP and

AMD. Loss of this functionally integrated relationship results in death and dys-

function of both of photoreceptors and RPE, which leads to visual loss. Restoration

of the relationship can be accomplished therapeutically by targeting the initial

insult. Anti-VEGF therapies are already having a profound effect on progression

of wet AMD, but it is difficult to recover visual acuity in some cases. In RP, there is

no effective treatment. The pathogenesis of RP and AMD is also associated with not

only aging but also SNPs and gene mutation. For this reason, any new therapy such

as gene therapy has emerged. Finally, controlling a certain genetic expression in RP

and AMD could reduce the risk for AMD and RP and their progression.
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Chapter 19

Neuroprotection for Retinal Detachment

Toshio Hisatomi

Abstract Recent data have provided important clues about the molecular

mechanisms underlying retinal neurodegenerative diseases, including retinal

detachment (RD). Photoreceptor cell death causes various types of cell death

such as apoptosis, necrosis, autophagy, and necroptosis. Apoptosis is the major

type of photoreceptor death in RD and is the most defined type in experimental and

clinical settings. Most cell death in vertebrates proceeds via the mitochondrial

pathway of apoptosis. Mitochondria contain proapoptotic factors such as cyto-

chrome c and AIF in their intermembrane space. Furthermore, mitochondrial

membrane permeabilization (MMP) is a critical event during apoptosis,

representing the “point of no return” of the lethal process. Modern medicine is

developing an increasing number of treatments for neurodegenerative disease, but

no neuroprotective treatment has yet been established for RD. This chapter briefly

reviews the mechanisms of cell death and neuroprotection for RD.

Keyword Apoptosis • Necroptosis • Necrosis • Photoreceptor • Retinal

detachment

19.1 Introduction

Photoreceptor cell death is the ultimate cause of visual loss in various retinal

disorders including retinal detachment (RD) and has been thought to occur mainly

through apoptosis. Photoreceptor cells die when they are physically separated from

the underlying retinal pigment epithelium (RPE) and choroidal vessels, which

provide metabolic support to the outer layer of the retina. Retinal detachment
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occurs in various retinal disorders, including age-related macular degeneration

(AMD) [1], diabetic retinopathy [2], as well as rhegmatogenous, tractional, and

exudative retinal detachment (RD) [3]. Although surgery is carried out to reattach

the retina, only two-fifths of patients with rhegmatogenous RD involving the

macula recover 20/40 or better vision [4]. Although various pathological changes

occur in detached retina, studies on experimental models and human patient

samples have shown that photoreceptor cell death is immediately induced as

early as 12 h and peaks at around 2–3 days after RD [5]. Moreover, retinal imaging

by optical coherence tomography has demonstrated that the microstructure of

foveal photoreceptor cells is a critical factor predicting better visual function in

patients who received successful RD repair [6]. These findings suggest that loss of

photoreceptor cells may be an important cause of vision loss after RD. Therefore,

identification of the mechanisms underlying photoreceptor cell death is critical to

developing new treatment strategies for retinal disorders associated with

RD. Apoptosis is the most characterized form of programmed cell death, where

caspases play a central role for its induction. In experimental models of RD, dying

photoreceptor cells exhibit the activation of caspases; however, there is a paradox

that caspase inhibition alone does not provide a sufficient protection against

photoreceptor cell loss, suggesting that there are other ways to die.

Therapeutic targeting of apoptosis may make more conceptual sense compared

to necrosis, as apoptosis is a delayed event and an energy-dependent process.

Mitochondria are considered as the central regulators of apoptotic cell death in

vertebrates. In various paradigms of cell death, mitochondrial membrane permeabi-

lization (MMP) delimits the frontier between life and death (Fig. 19.1). Mitochon-

dria control the intrinsic pathway of apoptosis, in which MMP ignites the activation

of caspases and other catabolic enzymes, and mitochondria participate in the

extrinsic pathway of apoptosis, in which they amplify the self-destructive process

[7–9]. Irrespective of its initiation at the inner or outer mitochondrial membrane,

MMP culminates in the functional (dissipation of the mitochondrial membrane

potential, shutdown of ATP synthesis, redox imbalance) and structural (reorgani-

zation of cristae, release of toxic intermembrane space proteins into the cytosol)

collapse of mitochondria. MMP has a profound impact on cellular metabolism,

activates caspase-dependent and caspase-independent executioner mechanisms,

and finally results in the demise of the cell [10, 11]. The lethal consequences of

MMP relate to the critical position occupied by the mitochondria in cellular

bioenergetics and the release of proapoptotic proteins into the cytosol and the

nucleus. Proapoptotic proteins liberated as a consequence of MMP include activa-

tors of the caspase cascade (e.g., cytochrome c) as well as caspase-independent

death effectors (e.g., apoptosis-inducing factor (AIF) and endonuclease G) [12, 13].

Indeed, MMP is the main checkpoint of programmed cell death, and lethal path-

ways of signal transduction are often activated in neurodegenerative diseases.

Hence, pharmacological agents that target mitochondria to subvert MMP are

being evaluated as therapeutic approaches for treatment for neurodegenerative

RD. Recent accumulating evidence also demonstrates that non-apoptotic forms of

cell death, such as autophagic cell death and necrosis, are also regulated by specific
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molecular machinery, such as those mediated by autophagy-related proteins and

receptor-interacting protein kinases, respectively. Here we summarize the current

knowledge of cell death signaling and its roles in photoreceptor cell death after

RD. A body of studies indicate that not only apoptotic but also autophagic and

necrotic signaling are involved in photoreceptor cell death after RD. We summa-

rized the important checkpoints of photoreceptor cell death and reviewed the

current concepts on neuroprotection for RD.

19.2 Mechanism of Photoreceptor Apoptotic Cell Death

19.2.1 Mitochondrial Outer Membrane Permeabilization

MMP may originate at the outer membrane through at least two distinct mecha-

nisms. These include the activation of proapoptotic proteins of the Bcl-2 family

(e.g., Bax, Bak) to build up multimeric channels, allowing for the release of

intermembrane space proteins [14], and formation of lipidic pores due to a direct

Fig. 19.1 Schematic drawing of mitochondrial apoptotic signaling via mitochondrial membrane

permeabilization (MMP). MMP induces mitochondrial release of proapoptotic molecules such as

cytochrome c and apoptosis-inducing factor (AIF)
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interaction between proapoptotic Bcl-2 family members (e.g., Bax, truncated Bid)

and lipids contained in mitochondrial membranes [11, 15, 16]. Outer membrane

permeabilization also occurs upon its physical rupture, be it induced accidentally or

as part of a regulated mechanism originating at the inner membrane (the so-called

mitochondrial permeability transition). Outer membrane permeabilization culmi-

nates in the release of proapoptotic intermembrane space proteins, which trigger the

execution process of apoptotic cell death.

19.2.2 Mitochondrial Inner Membrane Permeabilization

Mitochondrial membrane permeabilization may also start at the inner membrane. In

contrast to the outer membrane, the inner membrane from healthy cells is nearly

impermeable to small solutes and ions. When inner membrane impermeability is

lost, for instance following the opening of the so-called permeability transition pore

complex (PTPC), solutes enter the mitochondrial matrix, accompanied by a net

influx of water. The resulting osmotic imbalance provokes swelling of the matrix,

followed by the rupture of both mitochondrial membranes. This process is known as

mitochondrial permeability transition.

19.2.3 Importance of Caspase-Dependent Pathways
on Neurodegenerative Disease

Cysteine aspartate-specific proteases or caspases are the central molecules

involved in initiation and execution of apoptosis [17]. Caspases are processed

through proteolytic cleavage at the sites containing aspartate residue. Mitochon-

dria contain cytochrome c and caspase-9 in the intermembrane space, and these

are liberated into cytoplasm after apoptotic insults. Cytochrome c forms

apoptosome in the presence of ATP along with Apaf-1 and caspase-9, initiating

the activation of caspase cascade [7, 8, 18]. The “forebrain over growth” (fog)

mutation leads to an autosomal recessive neural tube closure defect due to the

near-to-complete lack of Apaf-1 expression [19, 20]. However, a complete defi-

ciency in Apaf-1 usually results in perinatal lethality, while fog/fog mice readily

survive into adulthood [20, 21], allowing to assess the role of Apaf-1 and Apaf-1-

dependent cytochrome c-mediated caspase activation in neuronal apoptosis. Apaf-

1 deficiency reduced the RD-induced neuronal photoreceptor apoptosis, as

assessed by TUNEL staining [22]. Therefore capsizes and related molecules

offer opportunity to salvage the apoptotic cells by targeting them using anti-

caspase therapy for neuroprotection.
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19.2.4 Importance of AIF in Caspase-Independent Pathways
on Neurodegenerative Disease

AIF is a 67 kDa flavoprotein in mammals and highly conserved among mamma-

lian species (>95 % amino acid identity between mouse and human) and bears a

highly significant homology with flavoprotein oxidoreductases from all eukary-

otic and prokaryotic kingdoms in its C-terminal portion [23, 24]. AIF is normally

confined to the mitochondrial intermembrane space; however, AIF translocates to

the cytosol and to the nucleus after apoptotic insults (Fig. 19.1) [23–25]. Harle-

quin (Hq) mice exhibit an X chromosome-linked ataxia due to the progressive

degeneration of terminally differentiated cerebellar neurons [26, 27]. The Hq

mutation has been identified as a proviral insertion in the apoptosis-inducing

factor (Aif) gene, also known as programmed cell death 8 (pdcd8), causing

about 80 % reduction in AIF expression [27]. In contrast to Aif knockout mice

(which die in utero) [28], Hq mice are born at normal Mendelian ratios and are

healthy until the age of 3 months. After the apoptotic insult mediated by RD,

Hq/Y retinas exhibited significantly less TUNEL+ apoptotic neural cells than

wild-type controls and exhibited a reduced cell loss in the retina [22]. The similar

neuroprotective effects were observed in brain ischemia in adult [29] and neonate

[30]. Further research on AIF and caspase-independent pathways may reveal

novel therapeutic target for neuroprotection.

19.3 Mechanism of Non-apoptotic Cell Death

Autophagy (Greek for “self-eating”) is a process by which cell’s own components

such as macromolecules (e.g., proteins, lipids, and nucleic acids) and organelles

(e.g., mitochondria) are degraded by the lysosome [31]. Macroautophagy (hereafter

referred to autophagy) is the best-characterized autophagy pathway and involves the

formation of autophagosomes and autolysosomes. Autophagosome is a double- or

multi-membrane vacuole that sequesters cytoplasmic materials and fuses with

lysosomes to form autolysosome, where its content is degraded. It is induced by

nutrient starvation in order to provide recycled energy and eliminate damaged

organelles [32]. From the genetic screening of autophagy-defective mutants in

yeast, Tsukada, Ohsumi, and colleagues discovered a set of autophagy-related

(Atg) genes, most of which have mammalian homologues [31, 33]. Although pre-

vious morphological studies identified accumulation of numerous autophagosomes/

autolysosomes in dying cells, the roles of autophagy, either promoting or protecting

against cell death, have been controversial. In specific circumstances, autophagy

appears to mediate cell death via excessive self-degradation. Nonetheless, accumu-

lating evidence has shown that autophagy is crucial for cell survival by regulating

the turnover of intracellular contents in normal and most pathological conditions.
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Although necrosis (Greek for “dead”) was traditionally thought to be an

uncontrolled process of cell death, it is now known to also have regulated compo-

nents in certain instances. This regulated type of necrosis was discovered from the

extensive studies of death receptor-induced cell death. Laster and colleagues

observed that TNF-α caused not only apoptosis but also necrosis depending on

cell types [34]. Intriguingly, Vercammen and colleagues demonstrated that, when

death receptor-induced apoptosis is suppressed by the caspase inhibitor, the cells

undergo an alternative necrotic cell death in murine L929 fibrosarcoma cells [35].

Twelve years later, Holler and colleagues identified that this death receptor-induced

necrosis is mediated by the activation of receptor-interacting protein 1 (RIP1) [36].

Furthermore, three independent studies recently discovered that RIP3 is a crucial

regulator of RIP1 kinase activation and subsequent necrosis. These advances in

understanding the molecular basis of necrosis have revealed previously

unrecognized roles of necrosis in health and various diseases including retinal

degeneration [37, 38]. This RIP kinase-dependent regulated necrosis is termed as

“necroptosis” or “programmed necrosis.” However, in order to avoid confusion, we

here express it descriptively as “RIP kinase-dependent necrosis” according to

recent studies [37–39].

19.4 Inflammation and Cell Death

Cytokines and chemokines are released in response to tissue injury and mediate cell

survival/death and inflammation. The vitreous fluid from patients with RD contains

substantially higher levels of TNF-α, IL-1β, IL-6, IL-8, and MCP-1, compared to

samples from patients without RD. Furthermore, Nakazawa and colleagues showed

that the mRNA levels of TNF-α, IL-1β, and MCP-1 are upregulated as early as 1 h

after experimental RD, suggesting that these cytokines/chemokines may actively

contribute to the pathology of RD [40, 41]. Indeed, as described above, TNF-α
induces photoreceptor cell death after RD, along with the activation of caspase-

8 and RIP kinase. In addition, blockade of TNF-α suppresses the retinal infiltration

of macrophages and microglial cells [40]. Therefore, not only pro-death but also

proinflammatory signals of TNF-α could be involved in the photoreceptor loss after

RD. In another study by Nakazawa and colleagues, genetic deficiency of Mcp1
substantially reduces macrophage/microglia recruitment and attenuates photore-

ceptor cell loss after RD. In primary retinal mixed cultures, MCP-1 treatment

induces photoreceptor cell loss; however, this cytotoxic effect is abolished by the

removal of CD11b-positive macrophages/microglia from the retinal cultures [40].

These findings suggest that MCP-1 mediates photoreceptor cell death indirectly

through activation and recruitment of macrophages/microglia after RD. Protection

against RD-induced photoreceptor cell death is also obtained by genetic deletion of
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Cd11b/Cd18, an integrin critical for leukocyte recruitment, or the treatment with

systemic steroids [40, 42], further confirming the pivotal role of inflammation in

photoreceptor cell loss after RD. However, it should be noted that inflammation is

not always detrimental, but also maintains tissue homeostasis by removing waste

materials and dead cells.

Nucleic acids, proteins, and lipids released from dying or dead cells can initiate

or modulate immune response, and these molecules are known as damage-

associated molecular patterns (DAMPs). Among these, extracellular release of

ATP is a key process to recruit macrophages to the site of injury (Fig. 19.2)

[43]. ATP is secreted actively by exocytosis, anion channels, or transporters in an

early phase of apoptosis or released passively via the loss of membrane integrity.

ATP activates inflammasome through its action on P2X7 or mediates cell death via

the formation of P2X7-dependent pore and caspase activation. Notomi and col-

leagues showed that intraocular injection of ATP induces photoreceptor cell death

through the activation of P2X7 in mice and primary retinal cultures [44, 45]. In

addition, extracellular ATP is substantially increased in the vitreous of AMD

patients associated with subretinal hemorrhage [45]. High-mobility group box

1 (HMGB1), a nuclear protein that regulates transcription, has a divergent extra-

cellular function as DAMP. HMGB1 is passively released from necrotic cells, but

not from apoptotic cells. Arimura and colleagues showed that the extracellular

release of HMGB1 occurs in human patients and experimental models of RD [46],

suggesting that HMGB1 released from dying or dead photoreceptor cells may

modulate retinal inflammatory response and degeneration after RD. Besides

HMGB1, multiple proteins and nucleic acids such as S100, HSP, histones, DNA,

and mRNA augment cytokine production and modulate tissue injury when they are

released into the extracellular space. Investigating the roles of these DAMPs in

retinal degeneration will lead to better understanding of the pathogenesis of the

diseases and identification of novel therapeutic targets.

Fig. 19.2 Schematic drawing of ATP-induced cell death via P2X7 receptor. Necrotic and

apoptotic dead cells release ATP into intracellular space, resulting in neighboring cell death.

ATP and P2X7 receptor binding is blocked by competitive inhibitor of P2X7 receptor, Brilliant

Blue G (BBG)
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19.5 Neuroprotection Against Photoreceptor
Cell Death for RD

19.5.1 MMP and Mitochondrial Release
of Proapoptotic Factors

Mitochondrial membrane permeabilization (MMP) is a critical event during apo-

ptosis, representing the “point of no return” of the lethal process. Cytochrome c is

released from the mitochondria upon MMP and binds to cytosolic apoptotic

protease-activating factor-1 (Apaf-1) to induce its dimerization and a conforma-

tional change [47]. Apaf-1 then oligomerizes into apoptosomes that recruit and

activate caspase-9 followed by serial activation of caspase-3 and other apoptosis-

execution molecules [48, 49]. However, MMP may cause cell death even if

caspases are inhibited [50] and a broad caspase inhibitor, Z-VAD-fmk, fails to

inhibit neuronal apoptosis [5, 51]. AIF is a caspase-independent apoptogenic factor

and is normally confined to the mitochondrial intermembrane space [23]. During

apoptosis, AIF translocates to the cytosol and then to the nucleus where it triggers

peripheral chromatin condensation and interacts with cyclophilin A to generate a

DNAse complex that is responsible for the so-called “large-scale” DNA degrada-

tion to fragments of approximately 50 kbp [23, 52]. AIF translocation has been

reported for mammalian neural cells in numerous cases, for instance for photore-

ceptors upon retinal detachment (RD) [5], dopaminergic neurons in models of

Parkinson’s disease [53] including phenylpyridinium toxicity [54], and photore-

ceptor cells in retinitis pigmentosa [55]. Pharmacological targeting of MMP inhi-

bition may limit the release of these proapoptotic intermembrane space proteins

into the cytosol (Fig. 19.1).

19.5.2 Growth Factor-Dependent Survival of Neuronal Cells

An increasing number of growth factors and nerve growth factor has been shown to

support cell survival in various apoptotic insult in neuronal cells [56]. These include

nerve growth factor family (NGF, BDNF, etc.), basic fibroblast growth factor

(bFGF), and vascular permeability factor (VEGF). BDNF and bFGF have shown

substantial neuroprotective effects in neuronal apoptosis of retinal detachment [5],

brain ischemia, and Parkinson’s disease. These growth factors activated their

counter receptors (i.e., NGF receptors) and stimulate cellular intrinsic pathways

(i.e., activation of PI3K/Akt signaling pathways and mitogen-activated protein

kinase (MAPK) pathways which leads to the upregulation of protein expression)

[57]. Recently pigment epithelium-derived factor (PEDF) has also been reported to

be neuroprotective in retinal degeneration in retinitis pigmentosa. While the
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receptor of PEDF remains unclear, lentivirus-mediated retinal gene transfer of

PEDF inhibited MMP as examined by mitochondrial potential, inhibiting subse-

quent AIF translocation from mitochondria to nucleus in neural cells [51].

19.5.3 Overexpression of Bcl-2 Family Proteins
for Inhibiting MMP for Neuroprotection

Bcl-2 family proteins are essential regulators of apoptosis and over 30 members

have been discovered that share homology in Bcl-2 homology regions (BH1 to

BH4) [18, 58]. These can be grouped into Bcl-2-like survival factors (antiapoptotic)

[59, 60] and Bcl-2-like death factors (proapoptotic) [59, 61, 62]. The Bcl-2-like

survival factors possess BH1–BH4 domains that mediate their prosurvival function

and gate the release of apoptotic proteins by maintaining the MMP. The

proapoptotic members of Bcl-2 family protein promote MMP via perturbation of

mitochondrial membrane integrity and the interactions with other proapoptotic and

antiapoptotic factors and hetero-dimerize with MMP-related proteins such as ade-

nine nucleotide translocator (ANT) and voltage-dependent anion channel (VDAC).

The overexpression of antiapoptotic members of Bcl-2 family protein has been

reported to be neuroprotective [18]. Bcl-2 overexpression protects against neuron

loss within the ischemic model, inhibiting cytochrome c accumulation and caspase-

3 activation [63]. Moreover Bcl-2 transfection via herpes simplex virus blocks AIF

translocation from mitochondria to nucleus [64]. The ratio of antiapoptotic and

proapoptotic proteins may determine the fate of neurons by antagonizing and

competing each other [15, 65].

19.5.4 A Cell-Permeable Peptide Corresponding to the BH-4
Domain of Bcl-XL Inhibits Neuronal Apoptosis via
Blocking MMP

The recent reports indicate that (at least) two post-mitochondrial cell death path-

ways participate in neuronal apoptosis, namely, caspase-independent apoptosis

(e.g., AIF and endonuclease G) and cytochrome c-dependent caspase activation

in the apoptosome. Both AIF and the apoptosome are activated as a result of MMP.

Recently, a cell-permeable MMP-inhibitory recombinant fusion protein, HIV-TAT

BH4, composed of the HIV-TAT plasma membrane translocation domain and the

antiapoptotic Bcl-XL-derived BH4 domain, has been reported to inhibit neuronal

apoptosis [22, 66–68]. Cell-penetrating peptide constructs such as HIV-1 TAT

basic domain and related peptides have been developed to deliver bioactive pep-

tides into cells [67–73]. Rapid and receptor-independent uptake of TAT-conjugated

peptides has been demonstrated to occur in vitro and in vivo [67]. Intraperitoneal
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injection of HIV-TAT protein led to its distribution into neuronal cells (in vivo), as

this was seen after addition of HIV-TAT BH4 to primary neuronal cell cultures

(in vitro) [22]. These fusion proteins resulted in robust protein transduction in

neurons and inhibited caspase-3 activation in ischemic neurons [70], AIF translo-

cation in neonatal brain damage [68], and AIF and cytochrome c translocation in

retinal cells [22]. The Bcl-2 family proteins constitute a major life-or-death decisive

point that can be manipulated to target the neuroprotective therapy.

19.5.5 A Novel Mechanism of HIV Protease Inhibitors
for Neuroprotection Through Inhibition
of Mitochondrial Apoptosis

HIV protease inhibitors (PIs) have originally been designed to block the forma-

tion of HIV viral proteins by viral proteases and are currently administered to

millions of patients with HIV worldwide [74]. Recently, it has been reported that

PIs do not only inhibit virus replication but also suppress CD4+ T lymphocyte

apoptosis at concentrations similar to those that are achieved in the plasma of

PI-treated patients [75]. In several cases, HIV-infected individuals recovered

normal levels of circulating CD4+ T cells upon PI treatment although the therapy

had no effects on the viral titers, suggesting that PIs might inhibit apoptosis of

CD4+ T cells in vivo, independently from their effect on HIV replication [74, 76,

77]. Several groups investigated the mechanisms by which PIs inhibit apoptosis.

Altered transcriptional regulation of regulatory proteins [78] and direct inhibition

of caspase-1 [79] or calpain [80] have been reported. However, these proposed

mechanisms may not explain the ability of PIs to block cell death induced by a

wide range of apoptotic insults [75] and are not compatible with other studies

reporting poor effects of PIs on effector caspases or the net synthesis of apoptosis

regulators [81]. Recently, PIs were shown to inhibit the MMP-dependent release

of cytochrome c [81, 82] via direct binding to and inhibition of the adenine

nucleotide translocator, a protein from the inner mitochondrial membrane that can

form pores and mediate MMP [83]. However the protective effects of PIs contrast

with the observation that pharmacological caspase inhibitors largely fail to inhibit

cell death [84]. PIs may simultaneously block caspase-dependent (e.g., activation

of caspase-9 and caspase-3) and caspase-independent cell death pathways (e.g.,

AIF translocation) via blocking MMP, presumably inhibiting the adenine nucle-

otide translocator [22]. In our studies, PI had substantial antiapoptotic and

neuroprotective effect on retinal photoreceptors after RD, in a non-virus-associ-

ated disease with excessive apoptosis. Paradoxically, PIs may also induce

apoptosis, particularly of transformed cells, when used at higher doses

[78, 85]. Further studies may provide the mechanistic insight of PIs effect on

apoptosis and increased application for neuroprotection.
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19.5.6 P2X7 Receptor (P2RX7) Blockade by Brilliant
Blue G (BBG)

Recently, adenosine-50-triphosphate (ATP) has been discovered as a major extra-

cellular messenger that can contribute to lethal signaling [86]. Neuronal cells

release intracellular ATP to extracellular space under stress or cell death. Extracel-

lular ATP can act on purinergic receptors, which are classified into two classes, the

ionotropic, ligand-gated P2X receptors and the metabotropic, G protein-coupled

P2Y receptors [87]. Among the seven subtypes of mammalian P2X receptors, the

P2X7 receptor (P2RX7) differs from other P2X receptor subtypes by its long

cytoplasmic, carboxy-terminal tail (240 amino acids) and mediates cellular signals

that can trigger cell death. In the retina, P2RX7 is expressed in both inner and outer

retinal neurons, including retinal ganglion cells [88] and photoreceptors

[89]. P2RX7 has physiological functions as a neurotransmitter receptor in the retina

[89], while photoreceptors have been shown to undergo apoptosis by excessive

ATP [44, 45, 90]. Recently, it has been shown that photoreceptor apoptosis involves

P2RX7 activation with caspase-8 and caspase-9 cleavage and mitochondrio-nuclear

translocation of AIF [44]. Moreover, photoreceptor apoptosis can be attenuated by

Brilliant Blue G, a pharmacological P2RX7 antagonist, by blocking ATP acting on

P2RX7 (Fig. 19.2) [45]. Indeed, BBG administration can confer neuroprotective

effects in several models of Alzheimer’s disease, Parkinson’s disease, and spinal

cord injury [37–39] as well as in the retina [35, 40, 41]. BBG is also known as an

adjuvant approved for intraoperative use in ocular surgery. In chromovitrectomy,

BBG is introduced to improve the visualization of intraocular tissues for specific

procedures, such as internal limiting membrane (ILM) peeling during vitrectomy

[42, 43]. Various retinal diseases could be linked to important elevations of

extracellular ATP, accelerating neuronal cell death and irreversible tissue damage.

Furthermore, any type of photoreceptor cell death could release ATP, making

positive feed forward loop to worsen the surrounding tissue damage [45]. P2RX7

antagonists including BBG may have a potential neuroprotective therapeutic effect

in RD and other retinal diseases with excessive extracellular ATP by blocking cell

death loop.

19.5.7 A Novel Neuroprotection for Necrosis

Although apoptosis is a predominant form cell death after RD, previous morpho-

logical analysis described the presence of necrosis in RD-induced photoreceptor

cell death [91]. However, necrosis was not considered as a therapeutic target for a

long period, because of the general concept that necrosis is an uncontrolled process

of cell death. During photoreceptor cell death after RD, death ligands such as

TNF-α and Fas-L, which mediate not only apoptosis but also necrosis, are

upregulated and contribute to photoreceptor cell loss [40, 92]. However, caspase
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inhibition by the pan-caspase inhibitor Z-VAD is not sufficient to prevent photore-

ceptor cell loss after RD [5]. Given the emerging roles of RIP kinase-dependent

necrosis especially in conditions where caspase pathway is inhibited, we hypothe-

sized that RIP kinase may act as an alternative pathway of photoreceptor cell death

after RD. Trichonas and colleagues demonstrated that, while RIP3 is barely detect-

able in the normal retina, its expression increases over tenfold in the retina after RD

[41]. Because the expression levels of RIP3 have been shown to correlate with

necrotic responses in various cell lines, the increased RIP3 may sensitize cells to

undergo necrosis in these pathological conditions. Furthermore, our morphological

analysis using TEM showed that treatment with Z-VAD decreases apoptosis but

substantially increases necrotic cell death of photoreceptors [38]. These necrotic

changes after caspase inhibition are rescued by additional Nec-1 treatment or Rip3

deficiency. These findings clearly demonstrate that RIP kinase-dependent necrosis

is an essential pathway for photoreceptor cell death after RD, which acts in concert

with caspase-dependent apoptosis [38]. These findings suggest that RIP kinase is

critical in medicating necrosis in RD and that targeting RIP kinase by itself or in

combination with apoptosis inhibitors may be a potential strategy for treatment of

retinal disorders.

19.6 Conclusions

MMP is a pivotal event in the pathogenesis of acute and chronic neurodegenerative

disorders. Thus various neurodegenerative disorders that involve apoptosis could be

amenable to drug- and gene-based therapies that target MMP. The existence of

multiple cell death pathways with both overlapping and cross-talking molecular

mechanisms may explain the observation that inhibition of one such pathway may

enhance alternative ones. These information suggest that neuroprotection should

optimally be directed at multiple and/or comprehensive targets. The therapeutic

concept to target mitochondria, especially MMP, to block the release of multiple

proapoptotic proteins and protect energy metabolism is substantially valuable for

neuroprotection. A combination therapy with different approach targeting apopto-

sis, autophagy, necrosis, or inflammation may have additive effects for further

application for neuroprotection. Photoreceptor cell death is the ultimate cause of

vision loss in RD and other retinal disorders. The regulatory roles of mitochondria

in each cell death mechanism and the interaction between cell death mechanisms

during retinal degeneration warrant further investigation. We believe that further

studies of the complex molecular mechanisms underlying photoreceptor cell death

will lead to better understanding of the pathophysiology of RD and developing

novel therapeutics for preventing vision deficits after RD.
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Chapter 20

Neuroinflammation

Kazuichi Maruyama

Abstract Ocular inflammation is known to be accompanied by retinal cell

impairment. In uveitis, there are numerous causes of the retinal cell damage.

However, secondary intraocular hypertension and direct inflammation caused by

the uveitis are major concerns, as both of these can affect retinal cell survival. This

is especially the case in sarcoidosis and Vogt–Koyanagi–Harada disease, which are

the most common types of uveitis seen clinically in Japan. In addition, Behçet’s

disease and acute retinal necrosis are also known to have a poor prognosis when

patients are unable to receive precise treatments at specific time points during the

clinical progress of the disease.

Keywords Posner–Schlossman Syndrome • Secondary glaucoma • Steroid-

induced glaucoma • Trabeculitis • Uveitis

20.1 Uveitis-Induced Retinal Cell Damage

In Japan, uveitis has been shown to consist of several idiopathic diseases, including

sarcoidosis, Behçet’s disease, and Vogt–Koyanagi–Harada disease (VKH) disease.

Moreover, it has been suggested that infectious diseases such as viral, fungal, and

bacterial infections should also be included as causes of uveitis. When trying to

determine the etiology of uveitis, it is important to collect detailed medical histories

and perform thorough physical examinations. Observation of the course of the

disease may be one of the best ways to diagnose uveitis. However, diagnoses

made without clinical examinations or evaluations of laboratory data from patient
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specimens may lead to the misdiagnosis of many cases. In fact, the number of

idiopathic uveitis cases has now increased to about 30 % of all uveitis patients in the

Japanese population [1].

20.1.1 Sarcoidosis

Sarcoidosis is an idiopathic inflammatory disorder characterized by noncaseating

epithelioid cell granulomas in multiple tissues and organs [2, 3]. While this

disease most commonly affects the lung, other tissues (such as the heart, central

nervous system, or spleen) may also be affected [4]. Although the exact cause of

sarcoidosis is currently unknown, studies have linked the disease with genetic,

environmental, or age-related heterogeneity [5, 6]. Even though endogenous and

pathogenic bacterial species have been detected in sarcoid lesions, their associ-

ation with disease etiology remains unclear [7]. It has been surmised that genetic

predispositions, compounded by other factors, may trigger granulomatous

responses to endogenous or infectious microbes in sarcoidosis [6, 8]. It has

been further reported that 30–60 % of patients with sarcoidosis suffer from ocular

involvement [9–12]. While bilateral anterior and/or posterior uveitis is most

common, the conjunctiva, the lacrimal gland, and the orbit of the eye can also

be affected. The clinical presentation of sarcoid uveitis is characteristically

marked by iris nodules, mutton-fat keratic precipitates, and tent-shaped periph-

eral anterior synechia in the anterior segment of the eye. Phlebitis and vitreitis,

resulting in snowball-like vitreous opacity, are the common posterior segment

findings. Chronic uveitis can result in the formation of an epiretinal membrane

and cystoid macular edema (Fig. 20.1), leading to severe visual impairment

[13]. Thus, in order to prevent retinal damage, an early adequate diagnosis and

treatment are needed.

Uveitis is commonly treated with topical corticosteroids, but in cases accompa-

nied by the formation of an epiretinal membrane or longstanding vitreous opacity,

systemic corticosteroid or surgical intervention may be necessary. To diagnose

Fig. 20.1 Chronic inflammation caused cystoid macular edema in a sarcoidosis patient
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sarcoidosis uveitis, an examination method using flow cytometry analysis was devel-

oped for analyzing vitreous specimens. One of the unique immunological features of

vitreous lymphocytosis in ocular sarcoidosis that has been reported is a characteris-

tically high CD4/CD8 ratio. Diagnoses of ocular sarcoidosis based on a CD4/CD8

ratio of vitreous-infiltrating lymphocytes greater than 3.5 have been shown to have a

sensitivity of 100 % and a specificity of 96.3 %, both of which are remarkably high

values. Costabel et al. reported that a CD4/CD8 ratio greater than 3.5 in lymphocytes

obtained from BAL fluid had a sensitivity of 53 % and a specificity of 94 % [14].

Thus, Kojima et al. proposed that a high CD4/CD8 ratio of lymphocytes obtained

from the vitreous has a high diagnostic value and is comparable to that of a high

CD4/CD8 ratio in BAL fluid lymphocyte [15]. The primary therapy used to treat

sarcoidosis uveitis is the administration of corticosteroids [16, 17].

The primary goal of these sarcoidosis uveitis treatments is to prevent the

progression. To that end, systemic corticosteroid and surgical removal of the

vitreous opacity, which includes inflammatory cells and high amounts of cytokine

[18], are useful treatments. Sarcoidosis uveitis is often responsive to corticosteroid,

with the use of a high initial dose followed by slow tapering shown to be effective in

managing most patients. Therefore, administration of this precise treatment without

hesitation should be used to prevent chronic inflammation. In all patients with

ocular manifestation of sarcoidosis, the treatment goal is to control the inflamma-

tory disease and prevent permanent visual impairment changes such as photore-

ceptor damage caused by chronic cystoid macular edema.

20.1.2 VKH Disease

VKH is also one of the most diagnosed types of uveitis in the Japanese population.

This systemic disorder involves several organs, including the eyes, ears, skin, and

meninges. VKH is a bilateral ocular condition. Although the initial activity

observed in VKH is minimal, the conditions associated with the subsequent inflam-

mation are quite severe. Bilateral shallowing of the anterior chamber due to

swelling of the ciliary body is sometimes noted during clinical examinations.

This secondary angle-closure glaucoma develops into intraocular hypertension

due to blockage of the aqueous humor outflow. Glaucoma that is associated with

VKH can be difficult to control. A study by Forster et al. previously reported that

almost 40 % of VKH patients required surgical and medical therapy for their

secondary glaucoma [19]. For the posterior segment in VKH disease, optic nerve

swelling and nonrhegmatogenous serous retinal detachment are observed

(Fig. 20.2). Furthermore, several fundus changes are also observed during the

disease process (Fig. 20.3). In severe VKH, choroidal neovascularization (CNV)

is found in the subretinal space and optic nerve area. Moreover, CNV has been

found to strongly affect visual acuity. A previous study that examined VKH

reported finding extramacular disorder, presumably in an area of reactive

proliferation of the retinal pigment epithelium and with perturbation of Bruch’s
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membrane [20]. Keino et al. additionally reported that the sunset glow appearance

was a process of VKH that was more common in eyes with chronic inflammation

[21]. Chronic inflammation in VKH is commonly observed in the anterior segment.

The persistent inflammation at the anterior segment induces several dysfunctions of

the aqueous flow system, such as severe posterior and anterior synechia. Due to the

extended high ocular pressure, dysfunction of the aqueous flow at the anterior

segment leads to the development of secondary glaucoma. In order to prevent

disease progression in VKH, accurate diagnoses need to be made, followed by

specific treatments using high concentrations of steroids or immunosuppressive

drugs such as cyclosporine.

20.1.3 Behçet’s Disease

Recently, Behçet’s disease has become a less commonly observed type of uveitis in

the Japanese population due to improvement of the hygienic status over the past few

decades. Even so, Behçet’s disease should still be considered one of the most

Fig. 20.2 Serous detachment with fibrin formation in a VKH patient. Green arrow indicated the

scan line of OCT. White arrow indicated the fibrin formation in retinal layer during acute clinical

course

Fig. 20.3 Time course for the posterior segment in a VKH patient with recurrence
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important diseases that need to be treated in order to prevent blindness. Behçet’s

disease is a multisystem disorder in which there are recurrent severe intraocular

inflammatory episodes along with a high incident of oral and mucosal ulcerations.

Ocular manifestations especially have serious implications for the patient, as the

disease can affect both the anterior and posterior segments. In retinal lesions,

the disease directly affects the visual acuity by inducing irreversible alterations of

the retinal cells due to multiple types of severe vasculitis (vaso-occlusive and

neovascularization) with retinal ischemia and hemorrhage (Fig. 20.4). Necrotizing

arteriolitis and phlebitis with thromboses have also been reported with Behçet’s

disease [22]. The neurologic lesions include perivascular cuffing with mononuclear

cells, focal necrosis, demyelinization, and gliosis. Inflammatory cytokines such as

IFN-gamma, interleukin 6 and interleukin 8, and tissue necrotizing factor (TNF)-

alpha have been reported to be much higher in the aqueous humor and vitreous

specimens of Behçet’s disease [23]. In addition, iris neovascularization can occur

and lead to the induction of secondary glaucoma.

For ophthalmologists, Behçet’s disease treatments have proven to be difficult to

perform, especially in younger male patients. This is because symptoms in young

men are more severe and have a higher recurrence as compared to that seen in older

men or female patients. Indeed, in younger patients, macular retinal cells in the

posterior segment are especially destroyed due to multiple severe attacks that cause

vascular damage (Fig.20.5). Treatments that have been used in an attempt to

suppress these acute attacks include steroids, immunosuppressive drugs (cyclospor-

ine, tacrolimus), interferon alpha, and colchicine. However, these drugs have not

been able to improve the visual acuity loss in young male patients who have had

severe and recurrent attacks.

Fig. 20.4 Acute severe

attack of Behçet’s disease

at the posterior segment
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An evaluation of evidence-based studies found 21 randomized studies in which

only azathioprine and ciclosporin were effective for treating ocular symptoms [24,

25]. Nussenblatt et al. reported that combined ciclosporin and prednisone therapy

suppressed the disorder and permitted use of lower doses of both medications [26].

Recently, a novel drug has been found and used in suppressing attacks of Behçet’s

disease. Infliximab is a chimeric monoclonal antibody that is directed against

TNF-alpha, in addition to being able to cause secretion of cells such as macro-

phages. This antibody has been reported to be effective in treating Behçet’s disease

[27]. However, issues concerning the induction of autoantibodies against infliximab

during the therapy still need to be clarified before this drug can be used as a routine

treatment. Even so, infliximab may become a beneficial treatment for Behçet’s

disease in the near future.

20.1.4 Acute Retinal Necrosis (ARN)

ARN is a type of infected uveitis in which severe and aggressive retinal damage

occurs during the clinical course. Almost all patients who suffer from ARN develop

severe visual acuity loss due to ischemic retinitis, multiple rhegmatogenous retinal

detachment, viral infiltration of the nerve, or optic nerve distention. VZV infection

is especially more severe than the herpes simplex viral (HSV) infection (Figs. 20.6

and 20.7). Patients with VZV and ARN have optic neuropathy, aggressive retinal

Fig. 20.5 Terminal retinal change at the posterior segment; thinning of the neural retina occurred

and the retinal layer was destroyed
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necrosis, and vascular occlusion. Once the retinal infected lesion starts in the

midperiphery, it then expands to the posterior segment (Fig. 20.8). Cytopathology

of the vitreous section of ARN demonstrated that there were a number of infiltrated

cells, especially T cells. However, the T-cell population in the vitreous specimens

was different from that observed in other types of uveitis such as sarcoidosis. It has

also been reported that more CD8 T cells infiltrate into the vitreous in ARN [15]. In

addition, explosive inflammatory cytokines have been shown to exist in the vitreous

in ARN [18]. Thus, these cytokines may be involved in the development of ARN.

ARN was initially believed to be an autoimmune disease [28]. However,

Culbertson et al. examined electron microscopic pictures of human enucleated

eyes and reported that the herpes virus existed in the retinal lesion [29]. Recently,

Ganatra et al. and Sugita et al. further demonstrated that viral DNA such as VZV

Fig. 20.6 Induction of

ARN caused by HSV-2

Fig. 20.7 Induction of

ARN caused by VZV
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and HSV type 1 or 2 could be detected in vitreous or aqueous humor samples by the

polymerase chain reaction (PCR) method [30–32]. The executive committee of the

American Uveitis Society subsequently published a set of a standard diagnostic

criteria for the ARN syndrome [33].

To suppress viral activity and the severe inflammation that accompanies a viral

infection, it is important to diagnose ARN at its initial stage so that it can be quickly

treated with the correct concentration of drugs such as aciclovir and steroid. When

patients do not receive a suitable treatment for ARN, retinal cells are almost

certainly destroyed by retinal vascular occlusion, multiple rhegmatogenous retinal

detachment, viral infiltration of the nerve, or optic nerve distention. As a result, the

visual acuity will quickly decrease. In such cases, surgical treatment is warranted to

repair the retinal detachment. If posterior vitreous detachment occurs during the

clinical course, this can lead to multiple retina tears and the start of retinal

detachment. While other effects have also been reported to occur after surgical

treatment, such as a reduction of the viral amount in the vitreous cavity, there has

yet to be any well-controlled study data that support the effectiveness of these

therapeutic interventions.

20.2 Secondary Intraocular Hypertension

Secondary intraocular hypertension is induced by aqueous outflow disturbance that

involves a mechanical or functional disorder. Mechanical disorders are due to

anatomical issues such as anterior or posterior synechia (Figs. 20.9 and 20.10) or

deposits at the trabecular meshwork (induced by steroids) [34]. In contrast, func-

tional disorders, such as trabeculitis, do not have any anatomical component

associated with ocular inflammation (Fig. 20.11). However, viral infections can

cause induction of inflammation at the trabecular meshwork that leads to decreases

in the aqueous humor outflow [35, 36]. As a result, intraocular pressure (IOP)

Fig. 20.8 White vessel at the posterior segment of ARN (postoperatively after filling with silicon

oil); IS/OS line was not seen in the macular area
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Fig. 20.9 Iris bombé

and anterior synechia

in a sarcoidosis patient

Fig. 20.10 Peripheral

anterior synechia

in a sarcoidosis patient

Fig. 20.11 White

precipitate at the corneal

endothelial layer and iris

degeneration in a PSS

patient
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increases, which leads to damage of the retinal ganglion cells, especially at the optic

nerve disc. To prevent these retinal cell damages, the most important factor in the

treatment is an early and precise diagnosis. However, a diagnosis can be especially

difficult to make when trying to distinguish between steroid-induced ocular hyper-

tension and ocular hypertension caused by trabeculitis. This is an important prob-

lem, as the treatments for these two types of disease are completely different.

Trabeculitis is an inflammatory-induced ocular hypertension, and thus treatments

require the use of steroids. Moreover, as compared to the diagnosis of trabeculitis, it

is even more difficult when trying to diagnose non-inflamed conditions in the

anterior chamber. Therefore, clinicians need to be very careful when diagnosing

these diseases in order to avoid excess administration of steroids and unnecessary

surgical procedures in these patients.

20.2.1 Steroid-Induced Glaucoma

In steroid-induced glaucoma, the IOP is elevated primarily due to increased outflow

resistance of the aqueous humor. Increased responsiveness to steroids may be

facilitated by the upregulation of the glucocorticoid receptors that are found on

the trabecular meshwork cells [37]. In cultured human trabecular meshwork cells,

glucocorticoids increased the expression of extracellular matrix proteins, such as

fibronectin, glycosaminoglycans, and elastin [38]. It has also been reported that

steroids suppress the phagocytic activity, which has been shown to lead to increased

deposition of extracellular matrix at the trabecular meshwork [39–41]. In some

cases, patients have noticed a visual field defect and a downregulation of their

visual acuity after adverse changes in their ocular status. When treating these

patients with steroids, the best way to discover the development of steroid-induced

ocular hypertension is to check the IOP at each of their monthly clinical

examinations.

20.2.2 Trabeculitis

Obstruction of the trabecular meshwork in uveitis patients occurs due to disruption

of the blood and aqueous barrier. When inflammation damages or destroys this

barrier, many cells such as neutrophils and red blood cells enter into the trabecular

meshwork. As a result, there is obstruction of the aqueous outflow. Another

possible cause of the trabecular pathway obstruction may be related to the dysfunc-

tion of endothelial cells within Schlemm’s canal. This canal is essentially an

endothelium-lined tube that resembles that of a lymphatic vessel. The inside of
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the canal is nearest to the aqueous humor. Dysfunction of Schlemm’s canal may be

caused by the chronic inflammation of the uveitis or due to a viral infection caused

by cytomegalovirus, herpes simplex (HSV) type 1, or the varicella-zoster virus

(VZV) [36, 42]. As a result, this leads to an elevation of the IOP due to the aqueous

humor obstruction.

20.2.3 Posner–Schlossman Syndrome

One of the characteristics of Posner–Schlossman Syndrome (PSS) is a sudden and

repetitive elevation of the IOP. Although originally it was not believed that PSS

attacks caused permanent damage to the eye, later reports have questioned the

benign nature of this syndrome [43, 44]. The aim of PSS treatment is to control both

the inflammation and the elevated IOP. The favored initial treatment involves a

combined regimen of anti-inflammatory and anti-glaucoma eye drops. To normal-

ize the IOP when the eye is inflamed, it is important to use a topical or oral steroid to

control the inflammation. Moreover, Chee et al. reported that some of PSS patients

are infected by cytomegalovirus and then the patients need precise antiviral treat-

ment [45]. In some cases, however, patients are not responsive to steroid treatment,

and it becomes necessary to perform filtration surgery in order to prevent visual

field loss due to the elevated IOP. It has been further reported that trabeculectomy

or filtration surgery has been effective in some of these cases [46].

20.3 Summary

Controlling inflammation is perhaps the most important action for preventing the

continuing damage of the retinal cells that arises secondarily from uveitis or ocular

inflamed conditions. In some cases, clinical examinations are able to detect the

presence of secondary ocular hypertension, such as steroid-induced ocular hyper-

tension or PSS, in patients prior to any severe visual function loss. In order to

determine the correct patient treatment, these changes need to be detected as early

as possible. In contrast, it has been previously reported that inflammatory cytokines

such as TNF-alpha play a role in preventing retinal cell death in a retinal detach-

ment animal model [47]. Although high inflammatory conditions normally occur in

uveitis, retinal cells have been shown to be able to survive without any uveitis

symptoms such as vascular occlusion or direct attachment of pathogenic factors

(virus, bacterial, etc.). Thus, the material presented in this review suggests that

preventing adverse events via the use of precise diagnoses and specific treatments

may be the best way to rescue retinal cells from death or damage.
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Chapter 21

Optic Neuritis

Xiaoli Guo

Abstract Optic neuritis (ON) is inflammation of the optic nerve and is the most

common type of optic neuropathy. There is a strong association between ON and

multiple sclerosis (MS), an acute inflammatory demyelinating syndrome of the

central nervous system (CNS). A large number of etiological factors have been

identified for ON including genetic susceptibility, smoking, exposure to the

Epstein–Barr virus (EBV), and low exposure to sunlight. And the pathology of

ON continues to be clarified with the advances in medicine and clinical peripheral

devices. Since ON can cause severe visual loss, it draws much attention to detect the

disease in early stage and finding a treatment that will restore visual function. In this

chapter, the latest progress regarding the noninvasive detection methods for ON is

summarized and current understanding of mechanisms underlying ON is reviewed,

with references to MS. Lastly, existing drugs and chemicals that were developed for

other therapeutic purposes are discussed as potential treatment strategies for ON.

Keywords ASK1 • EAE • Glial innate immunity • Multiple sclerosis • Optic

neuritis

21.1 Introduction

Optic neuritis (ON) is inflammation of the optic nerve and is the most common type

of optic neuropathy. Optic neuritis typically affects young adults ranging from 18 to

45 years of age, with a strong female predominance. The annual incidence is

approximately 5/100,000, with a total prevalence estimated to be 115/100,000.

Patients usually present with an acute reduction of visual acuity, orbital pain
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exacerbated by eye movements, dyschromatopsia, and an afferent papillary defect,

with or without swelling of the optic nerve head. Substantial progress has been

made recently in understanding the pathogenesis of ON and also in detection

methods that allow better diagnosis and disease management. In this chapter, the

first part reviews the current knowledge of ON followed by a summary of nonin-

vasive detection methods, such as optical coherence tomography (OCT) and

multifocal electroretinography (mfERG), and their use in monitoring ON. The

last part discusses treatment strategies for ON using drugs and chemicals that are

developed for treating other diseases, with the emphasis on modulation of glial

innate immunity.

21.2 Clinical Features of Optic Neuritis

21.2.1 Etiology of Optic Neuritis and Multiple Sclerosis

A large number of etiological factors have been identified for ON including genetic

susceptibility, smoking, exposure to the Epstein–Barr virus (EBV) [1], and low

exposure to sunlight (presumed to be mediated through vitamin D deficiency)

[2]. There is a strong association between ON and multiple sclerosis (MS), an

acute inflammatory demyelinating syndrome of the central nervous system (CNS),

in which ON is the initial presentation in approximately 20 % of MS cases and 30–

70 % of MS patients develop ON during the course of their disease [3, 4]. It is

reported that the cumulative probability of developing MS within 15 years after

onset of ON is 50 % and strongly relates to the presence of lesions on a baseline

non-contrast-enhanced magnetic resonance imaging (MRI) of the brain [5]. In this

study, 25 % of patients with idiopathic ON and normal baseline brain MRI

developed MS during follow-up compared with 72 % of patients with 1 or more

lesions. After 10 years, the risk of developing MS was very low for patients without

baseline lesions but remained substantial for those with lesions. Therefore, a close

follow-up is recommended for ON patients who present factors associated with risk

for MS. Early immunomodulatory treatment may be individually considered as it

can delay progression into MS and reduce the rate of new lesion development [5, 6].

21.2.2 Clinical Examination and Treatment
for Optic Neuritis

The clinical features of the patients specify the type of examination required.

Generally complete ophthalmic, neurological, and systemic examinations should

be performed for the diagnosis of ON [7, 8]. Among them, neurological examina-

tions including orbital and brain MRI are performed with or without gadolinium
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(Gd) preferably within 2 weeks after the onset of symptoms [9]. Systemic exami-

nations including cerebrospinal fluid analysis consist of determination of total

protein, albumin, IgG, IgA, IgM, glucose, lactate, cell count, microbiological/

virological analysis, and oligoclonal bands. Current treatments of ON include

intravenous steroid medications (cortisone medications such as prednisone

[Deltasone, Orasone, Prednicen-M, Liquid Pred] and methylprednisolone [Solu-

Medrol]) as shown in the Optic Neuritis Treatment Trial (ONTT) and immuno-

modulator or immunosuppressive therapy to reduce the incidence of future attacks

[10]. Since ON can cause severe visual loss, it draws much attention to finding a

treatment that will restore visual function.

21.2.3 Neuromyelitis Optica

Neuromyelitis optica (NMO), also known as Devic’s disease, is an acute inflam-

matory demyelinating disease mainly involving the optic nerve and spinal cord.

Optic neuritis in NMO and MS are nearly identical in their initial presentation.

However, there are clear differences in the sites and pathology of lesions and in

their clinical course and response to therapies. NMO primarily affects the optic

nerve and spinal cord, causing blindness and paralysis, with relatively little brain

pathology. The prevalence of NMO is ~2–4 per 100,000 individuals and ~6–8 times

more prevalent in women than in men [11]. The incidence of NMO is greater in

Asians and Blacks than in Caucasians. The median age of onset is 39 years, and 80–

90 % of NMO patients have relapsing ON and myelitis rather than a monophasic

course. Demyelinating NMO is more violent and devastating than MS; hence, its

correct diagnosis is very important. In more than 85 % of patients with NMO, attack

recurs in the form of ON, transverse myelitis (TM), or both, resulting in around

50 % of cases in paralysis or blindness within 5 years. In some cases, patients with

TM in the cervical spine experience respiratory failure and even death. The

majority of NMO patients are seropositive for autoantibodies (NMO-IgG) against

extracellular epitope(s) on aquaporin-4 (AQP4) [12], a plasma membrane water

channel expressed in astrocytes throughout the CNS [13]. Though AQP4-IgG was

initially thought to be a serum marker of NMO, perhaps related to astrocyte

damage, there is now strong evidence that AQP4-IgG is pathogenic in NMO.

AQP4-IgG binding to AQP4 on astrocytes is thought to cause complement-

dependent cytotoxicity, leading to leukocyte infiltration, cytokine release, and

blood–brain barrier breakdown. These initial events lead to oligodendrocyte

death, myelin loss and neuron death, and consequent clinical neurological deficit.

NMO is particularly amenable to treatment by plasmapheresis, presumably due to

removal of serum AQP4 antibodies [14]. Previous studies and case series have

found that plasmapheresis is effective in suppressing acute attacks in 50–89 % of

patients with NMO [15, 16]. Other NMO therapies include immunosuppression and

B-cell depletion [17].
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21.3 Noninvasive Detection Methods for Optic Neuritis

21.3.1 Optical Coherence Tomography

Optical coherence tomography (OCT) is originally developed for monitoring reti-

nal diseases. The increased resolution of spectral domain OCT allows automatic

identification of all retinal layers and measurement of the macular thickness and

volume [18]. In addition, OCT allows direct visualization and measurement of the

optic nerve head topography and of the retinal nerve fiber layer (RNFL) thickness

with micron-scale resolution [19]. Quantification of the RNFL thickness by OCT

provides an indirect measure of axonal and neuronal loss in the anterior visual

pathways. It is particularly useful in glaucoma and ON, in which the anterior visual

pathways are commonly affected. The RNFL thickness has been attracting much

interest as a biomarker for optic neuropathies and for numerous neurological

disorders such as MS [20]. The RNFL and macular thicknesses measured using

OCT were significantly thinner in eyes of MS patients with or without previous

history of ON compared to controls [21], and their degree of thinning was greater in

NMO eyes [21, 22]. Since OCT is noninvasive, easy to perform, and highly

reproducible, it can be used as a practical tool for visualizing axonal loss in ON

patients and/or as an endpoint in clinical trials.

21.3.2 Multifocal Electroretinography

Conventional electroretinograms (ERGs) have been useful for assessing changes in

retinal function. The ERG is noninvasive, allows repeated assessment, and can be

performed in a relatively short period. Clinical ERGs recorded in response to a full-

field flash provide a quantitative assessment of global retinal function but do not

provide local response information. Focal ERGs permit assessment of localized

retinal activity but require detailed procedures to minimize the effects of stray light

and require considerable time and effort to obtain responses from multiple retinal

regions [23, 24]. In 1991, Sutter et al. [25] developed a technique using nonlinear

systems analysis to extract local responses from a continuous ERG. This approach,

termed multifocal electroretinography (mfERG), permits simultaneous assessment

of local responses from a large number of retinal areas. Because it can provide

topographical analysis of retinal function in a relatively short period, this technique

has already been used in a variety of clinical and preclinical studies of human vision

[26, 27]. In brief, the mfERG technique involves the presentation of multiple local

flashes in a predefined order (m-sequence) and subsequent extraction of the

corresponding ERGs from the field potential by computation of the cross correla-

tion between the stimulus m-sequence and the response cycle. While the first-order

mfERG reflects the function of the outer retina, the second-order mfERG is a

sensitive indicator of inner retinal dysfunction [28] that cannot be detected by

310 X. Guo



conventional ERG; it is the latter that makes it useful for ON. RGCs contribute to

the human mfERG response, and the second-order kernel is impaired in glaucoma

patients [29]. The mfERG technique was also developed to assess retinal function

in the small-eyed animals such as rat and mice [30]. mfERGs can be recorded using

a Visual-Evoked Response Imaging System (VERIS), which allows reliable assess-

ment of visual function in animal models representing glaucoma [31] and ON [32].

21.4 Glial Innate Immunity in Optic Neuritis

21.4.1 Innate Immunity

The vertebrate immune response can be divided into innate and acquired immunity.

Innate immunity is a multicomponent system. The first line of defense includes

cellular barriers, such as the skin, the mucosal surfaces, and the gastrointestinal and

respiratory tracts. The second line of defense is composed of the innate immune

cells, mostly of myeloid origin, including dendritic cells, macrophages, monocytes

in the periphery, and microglia cells in the CNS. Innate immunity also includes

non-myeloid cells such as thymic epithelial cells in the periphery and astrocytes in

the CNS. Compared with acquired immunity, far less attention has been directed

toward innate immunity as it has been regarded as a relatively nonspecific system.

However, recent studies have shown that the innate immune system has a greater

degree of specificity than previously thought and that it is highly developed in its

ability to discriminate between self and foreign pathogens [33]. This discrimination

relies, to a great extent, on a family of evolutionarily conserved receptors, known as

the Toll-like receptors (TLRs), which have a crucial role in early host defense

against invading pathogens [33, 34].

The TLRs are type I integral membrane glycoproteins and they are expressed on

microglia, astrocytes, neutrophils, dendritic cells, and macrophages in the CNS and

peripheral nervous system. So far, 11 members of the TLR family have been

identified in mammals. Upon activation, TLRs trigger a cascade of intracellular

signaling pathways, leading to the induction of inflammatory and innate immune

responses, which in turn regulate adaptive immune responses [35]. Increasing

evidence has supported the idea that TLRs also recognize endogenous molecules

that are released from damaged tissues, thereby regulating inflammatory responses

and subsequent tissue repair. These findings imply that TLRs on glial cells may also

be involved in the inflammatory response to tissue damage in the nervous system.
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21.4.2 Function of Glial Cells in Optic Neuritis

21.4.2.1 Inhibition of Glial Cell Activation Ameliorates
Neuroinflammation

Recent studies have shown the importance of the local environment, especially the

activation of glial cells during neuroinflammation [36, 37]. Astrocytes are the most

abundant cells in the CNS, accounting for nearly half of the brain’s cells in humans

and approximately one-third in mice. Astrocytes, as part of the innate immune

system, express a large array of TLRs, and its activation has been associated with

human demyelinating disorders such as MS [38], NMO [39, 40], and animal models

(including experimental autoimmune encephalomyelitis (EAE) [41, 42], and

cuprizone-induced demyelination [43]). Astrocytes secrete chemokines that attract

both peripheral immune cells to the inflamed CNS (e.g., T cells, monocytes, and

dendritic cells) and resident CNS cells (microglia, NG2) to the lesions sites. The

glial scar, a physical barrier found around demyelinated lesions in MS and EAE, is

primarily composed of interwoven astrocytic processes held together by tight

junctions [44]. Furthermore, astrocytes express factors, such as proteoglycan, that

inhibit the maturation of oligodendrocyte precursor cells (OPCs) into oligodendro-

cytes and even prevent axonal growth by different ways [45]. On the other hand, a

predominant group of inflammatory cells are highly activated phagocytic macro-

phages and microglia. The chronic presence of activated macrophage/microglia is

likely undesirable for several reasons. First, a strong correlation is observed

between macrophage/microglia activity and both acute axonal injury [46] and

loss of oligodendrocytes [47]. Second, medium conditioned by microglia kills

oligodendrocytes in culture [48]; in MS lesions, microglia in the process of strip-

ping myelin can be found [49]. Third, there is persistent activation of microglia in

relapsing–remitting EAE even after CD4+ number wanes [50]. Finally, reducing

macrophage/microglia activity with clodronate liposomes or genetic deletion alle-

viates disease activity in EAE [51].

Some efforts have been made to modulate the activity of glial cells using

pharmacological tools, which successfully ameliorated ON in the animal model

of MS. MW01-5-188WH is an orally bioavailable and brain-penetrating small

molecule compound that prevents glial cell activation [52], which significantly

reduces the clinical score of myelin oligodendrocyte glycoprotein (MOG)-induced

EAE mice [53]. Recently, the phosphodiesterase inhibitor dipyridamole has been

shown to reduce clinical and histological outcomes of EAE by inhibition of

microglia activity [54]. Current ON and MS therapies do not target microglial

activity to any significant extent. However, one candidate drug, minocycline, which

has microglia-inactivating and other immunomodulatory properties [55], is cur-

rently in a phase III trial for early MS [56]. Although further studies are required,

glial cells might be a promising therapeutic strategy for the treatment of ON.
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21.4.2.2 TLR-ASK1-p38 Pathway in Glial Cells Regulates
the Severity of Optic Neuritis

Advances in elucidating the downstream pathways of TLRs identified apoptosis

signal-regulating kinase 1 (ASK1), which is one of the members of mitogen-

activated protein kinase (MAPK) kinase kinase that plays a role in the c-Jun

N-terminal kinase (JNK) and p38 MAPK pathways [57]. ASK1 is activated by

various cytotoxic stressors as well as receptor-mediated inflammatory signals, such

as lipopolysaccharide (LPS) and tumor necrosis factor (TNF), and mediates diverse

biological signals leading to cell death, differentiation, and senescence [58]. ASK1

is an evolutionarily conserved signaling intermediate for innate immunity [59]. In

mammals, TLRs activate p38, JNK, and NF-κB cascades, leading to the induction

of many key cytokine genes [60]. Among them, ASK1 specifically mediates

LPS-induced TLR4 signaling to p38 through a reactive oxygen species (ROS)-

dependent pathway in dendritic cells and splenocytes [59]. This finding provided a

unique link between cellular stress responses and innate immunity. On the other

hand, several lines of evidence suggest that ASK1 plays key roles in human

diseases that are closely related to dysfunction of cellular responses to oxidative

stress and endoplasmic reticulum (ER) stressors [61].

During ON, TLR expression is upregulated in activated astrocytes and

microglia, and TLR signaling can synergize with ASK1-p38 signaling in the release

of key chemokines (MCP-1, MIP-1α, RANTES, IP-10, etc.) from astrocytes to

cause autoimmune inflammation. Genetic deletion or pharmacological inhibition of

ASK1 attenuates ON and improved visual impairment detected by mfERG [32]

(Fig. 21.1). In addition, TLR-ASK1-p38 signaling in microglial cells seems to

modulate the progress of demyelination by altering the release of proinflammatory

components such as TNF-α and iNOS, indicating that the TLR-ASK1-p38 pathway

in glial cells might be a new therapeutic strategy for ON.

21.5 Therapy with Existing Drugs or Chemicals

Currently, the number of drugs that effectively mitigate MS is increasing.

Although these drugs are also effective in ON, they show limited efficacy. While

they can ameliorate the early inflammatory phase of demyelinating processes in

MS, they do not inhibit glial cell activation, protect neurons, or restore myelin

[62]. On the other hand, developing a brand-new drug takes an enormous amount

of time, money, and effort, mainly because of bottlenecks in the therapeutic

development process. Delays and barriers can mean that translation of a promising

molecule into an approved drug often takes more than 13 years [63]. It is crucial to

advance strategies to reduce this time frame, decrease costs, and improve success

rates. Drug rescue and repurposing are two such strategies. “Drug rescue” refers to

research using small molecules and biologics that were previously used in studies
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Fig. 21.1 Genetic deletion or pharmacological inhibition of ASK1 attenuates optic neuritis and

improves visual impairment. (a) Multifocal electroretinogram evaluation of visual function in

EAEmice.Upper panels: visual responses recorded from seven different areas in the retina. Lower
panels: the amplitude variation across the arrays presented in three-dimensional plots. The higher

the amplitude, the better the visual function. (b) Optimization of ASK1 inhibitors. Medicinal

chemistry optimization led to the identification of the potent ASK1 inhibitor MSC2032964A. (c)
Representative histology of the spinal cords (upper panels) and optic nerves (lower panels) of EAE
mice treated with vehicle or MSC2032964A. Luxol fast blue (LFB) and hematoxylin and eosin

(HE) staining revealed a protective effect of MSC2032964A on myelin sheath. Modified from Guo

et al. [32]
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but not further developed. “Drug repurposing” generally refers to reexamination of

small molecules or biologics that are approved to treat one disease or condition to

see if it is safe and effective for treating other diseases. In recent years, an

increasing number of pharmaceutical development programs have been focusing

on the development of new therapeutics based on existing agents. In this section,

some efforts on “drug repurposing” for ON are summarized.

21.5.1 Neuroprotective Agents and Antioxidants

The role of ROS, such as superoxide and H2O2, in the pathogenesis of ON and MS

has been emerging [64]. Several antioxidants such as tempamine and thymoquinone

have been shown to reduce the severity of EAE [65, 66], and suppression of

mitochondrial oxidative stress by SOD2 gene delivery provided long-term

neuroprotection in experimental ON [67].

Geranylgeranylacetone (GGA) is an acyclic isoprenoid compound and has been

used clinically for the treatment of gastric ulcers with an extremely low toxicity.

GGA rapidly upregulates the expression of heat shock proteins in variety of tissues

[68] and alleviates polyglutamine-mediated motor neuron disease [69]. Since GGA

has been shown to exert a protective effect on retinal ganglion cells [70], this drug

may be available for neuroprotection in ON.

Spermidine is a naturally occurring polyamine essential for life [71]. Increased

synthesis of spermidine promoted optic nerve regeneration in vivo [72]. Moreover,

spermidine was reported to play key roles in mediating protection against oxidative

damage caused by H2O2 in cultured mouse fibroblasts [73]. Eisenberg et al. [74]

demonstrated that administration of spermidine extended the lifespan of yeast, flies,

worms, and human immune cells by upregulating the lysosomal/vacuolar degrada-

tion pathway, referred to as autophagy, which leads to enhanced resistance to

oxidative stress and decreased cell death.

Studies on EAE mice demonstrated that GGA or spermidine treatment prevented

neural cell death in the ganglion cell layer and reduced the extents of demyelination

in the optic nerve, which resulted in significant improvement of visual function [75,

76]. Moreover, spermidine administration attenuated clinical scores of EAE mice

and reduced the extents of demyelination in the spinal cords through its anti-

oxidative effect (Fig. 21.2). Heat shock protein 72 is a negative regulator of

ASK1, which is activated in response to various stimuli including ROSs [77], and

GGA induces this stress protein in various retinal cell types. These results suggest

that antioxidants in combination with inhibitors of ROSs’ downstream signals, such

as ASK1 inhibitors, might prove effective for the treatment of ON.

21 Optic Neuritis 315



21.5.2 Myelin Repair

Remission in MS is largely dependent on migration of OPCs to sites of injury and

subsequent differentiation to mature cells capable of repair [78, 79]. Studies eval-

uating the presence and relative densities of OPCs at sites of chronically

demyelinated lesions in MS indicate that it is not a failure of repopulation or

migration of OPCs but rather inhibition of OPC differentiation at sites of injury

that contributes to disease progression [80]. Hence, the identification of small

molecules that selectively induce differentiation of OPCs at sites of demyelinated

lesions and thereby enhance remyelination would have a considerable impact on the

development of new effective treatments for MS [81]. Through a three-stage

screening, Deshmukh et al. [82] identified the drug benztropine that may finally

raise the hope of myelin repair. Benztropine is well established as an approved

Fig. 21.2 Anti-oxidative effects of spermidine on EAE mice. (a) Hydrogen peroxide detection in
the optic nerve using the probe 20–70 dichlorofluorescein diacetate (DCFDA). (b) Quantification of
DCFDA-stained areas. (c) Quantitative analysis of cell infiltrates detected by HE staining. Since

the extent of inflammation was not ameliorated, antioxidant effects of spermidine may be more

dominant than its antiinflammatory effects. Modified from Guo et al. [76]
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treatment for Parkinson’s disease [83] and readily crosses the blood–brain barrier.

Benztropine was reevaluated as it was found to particularly enhance myelin basic

protein (MBP) production in searching process for agents that would induce

differentiation of oligodendrocytes. Moreover, benztropine enhanced axon

myelination when added to a co-culture of oligodendrocyte progenitors and neurons

and promoted remyelination in two animal models of demyelination: EAE

(immune-mediated) and cuprizone-induced demyelination (chemically induced)

models. Another potential target may be Olig1, a basic helix–loop–helix (bHLH)

transcription factor expressed in mature oligodendrocytes and their progenitor cells

in the developing CNS. Targeted disruption of Olig1 indicated that Olig1 plays

important roles during development and maturation of oligodendrocytes [84]. Fol-

lowing induction of EAE, mice that lack Olig1 expression showed reduced number

of degenerating axons in the optic nerve and their visual function was better

preserved [85], suggesting that interrupting Olig1 signaling pathways with small

molecules may provide a novel therapeutic approach for ON.

21.6 Conclusion

Optic neuritis is the initial presentation in approximately 20 % of MS cases, which

makes early detection of the disease important. Progresses in noninvasive detection

methods will not only facilitate diagnosis of the disease, but also advance the

evaluation of therapies. Moreover, research into glial innate immunity regulation,

neuroprotection agents, and myelin restoration might open the door to new avenues

for the treatment of ON.
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Chapter 22

Neuroprotection by Endothelial Progenitor
Cells for Retinal Degeneration

Shinichi Fukuda

Abstract Retinitis pigmentosa is an inherited eye disorder that leads to profound

vision loss and is characterized by retinal neuron degeneration, fundus pigment

changes, optic disc atrophy, and vasculature attenuation. Endothelial progenitor

cells (EPCs), which contribute to angiogenesis, are categorized into two subpopu-

lations according to their aldehyde dehydrogenase (ALDH) activity. Injection of

EPCs with low ALDH activity (Alde-Low) revealed a greater ability for

neuroprotection and vasoprotection compared with injection of EPCs with high

ALDH activity in a mouse model of retinitis pigmentosa. However, EPCs do not

possess direct neuroprotective or vasoprotective ability and must recruit other

neuroprotective and vasoprotective cells. Alde-Low EPCs selectively recruited

neuroprotective and vasoprotective F4/80+/Ly6c+ monocyte-derived macrophages

from bone marrow through CCL2 secretion. F4/80+/Ly6c+ monocyte-derived

macrophages from bone marrow were immature and revealed characteristics that

differed from those of retinal residual microglia. CCR2 (the receptor for CCL2),

neurotrophic factors, and anti-inflammatory mediators were highly expressed in

migrated F4/80+/Ly6c+ monocyte-derived macrophages when compared with ret-

inal residual microglia. These new findings suggest that novel therapies using EPCs

may delay the progression of retinal degeneration.
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22.1 Cell Therapy for Retinal Degeneration

22.1.1 Retinal Degeneration

Retinitis pigmentosa is a group of inherited eye disorders that lead to night

blindness during adolescence, peripheral visual field loss during young adulthood,

and central vision impairment during later life that typically progresses to complete

blindness [1]. Moreover, arteriolar attenuation, fundus pigment alteration, and optic

disc atrophy are characteristic of retinitis pigmentosa. In the animal model of

retinitis pigmentosa, there are similar characteristics with human such as degener-

ation of outer nuclear layer, vascular attenuation, and fundus pigmentation

(Fig. 22.1).

Visual symptoms of retinitis pigmentosa result from the gradual loss of rod and

cone cells, the two photoreceptor cell types of the retina. Rod cells mediate

achromatic vision and are almost entirely responsible for night vision. Cone cells

are responsible for color vision and thus function best in daylight. In patients with

retinitis pigmentosa, the outer nuclear layer of the retina is degenerated, which is

where most rod and cone cells are present. Retinal function measured with an

electroretinogram generally shows decreased rod and cone response amplitudes,

along with delays in photoreceptor cell activity several years before symptoms of

night blindness, visual field scotomas, or decreased visual acuity appear. The inner

nuclear layer of the retina comprises amacrine, bipolar, and horizontal cell neurons.

The ganglion cell layer is fairly well preserved in retinitis pigmentosa; however,

many of these cells also degenerate during the later stages of the disease.

Over 100 genes responsible for retinitis pigmentosa have been identified, most of

which encode photoreceptor-specific proteins [2]. The incidence of retinitis

Fig. 22.1 Retinal neural cell, fundus photograph, and vasculature changes in WTmice (C57BL/6,

top panels) or rd1 mice (C3H/HeN, bottom panels)
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pigmentosa is one in 3,500; approximately 30–40 % cases are autosomal-dominant,

50–60 % are autosomal-recessive, and 5–15 % are attributed to an X-linked trait.

At present, no cure exists for retinitis pigmentosa. Studies have demonstrated

that patients taking vitamins A and E can show slower declines in electroretinogram

amplitudes compared with those not taking such supplements; however, these

reductions have been small in magnitude. Another nutritional treatment for retinitis

pigmentosa patients includes docosahexaenoic acid (DHA). DHA is an omega-3

fatty acid that is present in high concentrations in oily fishes such as salmon, tuna,

and mackerel. In addition, photoreceptor cell membranes that contain rhodopsin

and cone opsins contain very high concentrations of DHA; therefore, DHA appears

to be important for photoreceptor cell function. Despite widespread efforts to better

understand and treat retinitis pigmentosa, no existing treatment can effectively slow

or reverse the progression of this disease [2, 3]. Moreover, mechanisms underlying

photoreceptor cell apoptosis remain unclear. Gene therapy [3, 4] and neurotrophic

factor therapies [5, 6] have been explored in recent years, and a wide range of cell

populations that include retinal and neural progenitor cells, retinal cells from young

postnatal mice, embryonic stem (ES) cells, mesenchymal stromal cells, and hema-

topoietic stem cells have been used in intravitreal injection or subretinal transplan-

tation experiments [7–12].

22.1.2 ES Cell and Induced Pluripotent Stem (iPS)
Cell Therapy

ES cells originate from the inner cell mass of blastocyst stage embryos. They can

remain in an undifferentiated state for indefinite time but retain their ability to

differentiate into derivatives of all three germ layers [13]. ES cells have been

investigated to treat several degenerative diseases, including retinitis pigmentosa;

however, the use of human ES cells in clinical applications faces ethical concerns

because their use involves human embryos. Adult somatic cells can be

reprogrammed by forcing expression of a defined set of transcription factors and

returned to the pluripotency state present in the early embryo. By expressing just the

three transcription factors Oct4, Sox2, and Klf4, somatic cells can be

reprogrammed into iPS cells [14]. iPS cells are functionally equal to ES cells

because they express ES cell markers. Properties of ES and iPS cells make them

an attractive donor source for cell therapies in tissues damaged by disease or injury

[15]. The replacement of damaged cells with transplanted donor cells represents a

hopeful approach for regeneration therapy. It was recently been reported that

human ES and iPS cells can differentiate into retinal progenitors, retinal pigment

epithelium cells, and photoreceptors [16]. Therefore, retinal degeneration may be

managed with transplantation of photoreceptor precursors or ES cell-derived pro-

genitors that can form synaptic connections to the host retina and thereby improve

visual function [8]. It takes quite a long time to realize organ transplantation from

ES cells or iPS cells, so it needs to consider delay progression of disease.

22 Neuroprotection by Endothelial Progenitor Cells for Retinal Degeneration 325



22.1.3 Mesenchymal Stem Cell (MSC) Therapy

Another new approach for targeting degenerative diseases has been developed

using stem cells that deliver therapeutic genes and their products. The

neuroprotective ability of neural stem cells derived from ES cells has been well

studied and clinically applied [10]. However, the isolation and use of neural stem

cells are limited by ethical concerns. MSCs have been proposed as an alternative

source for therapeutic stem cells. MSCs are ideal for therapeutic applications

because they are self-renewing cells that can differentiate into osteoblasts,

chondroblasts, fibroblasts, or adipocytes when exposed to appropriate cell culture

conditions [17]. Moreover, MSCs can differentiate into nonmesenchymal cells (i.e.,

neurons), endothelial cells, skin cells, or hepatocytes. Previous studies have

reported that MSCs may be therapeutic in bone and cardiovascular repair, lung

fibrosis treatment, and spinal cord injury [18, 19]. Furthermore, MSCs secrete

neurotrophic factors that promote neuron survival, including brain-derived

neurotrophic factor (BDNF), basic fibroblast growth factor (bFGF), and nerve

growth factor (NGF) [20]. The conditioned medium of bone marrow-derived

MSC cultures promotes proliferation of photoreceptor cells cultured in vitro and

inhibits cell death, which is presumably mediated by neurotrophic factors secreted

by MSCs. Bone marrow-derived MSC transplantation in vivo can slow retinal cell

degeneration in RCS rats, which has been histologically and functionally demon-

strated by a reduction in photoreceptor cell loss with electroretinogram activity

[7]. Bone marrow-derived MSCs are considered a potentially useful cell therapy for

retinitis pigmentosa [7]. MSCs would be advantageous because they allow auto-

genic transplantation. In fact, MSCs can be isolated from adult tissues, including

bone, fat, skeletal muscle, synovium, and dental pulp, as well as fetal tissues,

including umbilical cord blood, placenta, amniotic membranes and fluid, and

Wharton’s jelly. Though umbilical cord blood-derived MSCs can be harvested

without imposing risks on the donor, the number of umbilical cord blood-derived

MSCs available to therapy is extremely low [21]. Adipose tissue-derived MSCs

may provide an alternative source for therapeutic stem cells because of their facile

isolation and extensive self-renewal capacity. In addition, adipose tissue-derived

MSCs can be cultured for several months with low levels of senescence and retain

their potential for differentiating into various cell types [22]. Human adipose-

derived stem cell-conditioned medium inhibited photoreceptor cell degeneration

and retinal dysfunction from light-induced damage. Several factors secreted by

human adipose-derived stem cells such as the tissue inhibitor of metalloproteinase-

1 (TIMP-1) and the secreted protein acidic and rich in cysteine (SPARC) protected

against light-induced retinal damage caused both in vitro and in vivo. Therefore,

human adipose-derived stem cells have a therapeutic potential in retinal degener-

ative diseases through their secreted factors [23].

Recently, functional MSCs and endothelial progenitor cells (EPCs) identified

and isolated from human umbilical cord blood [21, 24] were reported to be effective

for clinical application [25]. Intravitreally injected umbilical cord blood-derived
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MSCs fractured the retinal layer structure, resulting in the appearance of a fibrous

membrane and resulted in retinal detachment and hemorrhage. In addition,

subretinally injected umbilical cord blood-derived MSCs ruptured the retinal

layer structure and caused neural damage rather than neuroprotection, which

contradicted findings of the previous study (Fig. 22.2) [7]; however, injected

EPCs did not produce such complications. A different origin of MSCs and

performing experiments in an animal model may have affected the results. Inter-

estingly, another study reported that umbilical cord blood-derived and adipose

tissue-derived MSCs possessed opposite characteristics; on one hand, umbilical

cord blood-derived MSCs inhibited brain tumor growth and induced apoptosis,

whereas on the other hand, adipose tissue-derived MSCs promoted brain tumor

growth [26]. Increased mRNA expression levels of angiogenic factors, including

vascular endothelial growth factor (VEGF), angiopoietin 1 (Ang1), platelet-derived

growth factor (PDGF), insulin-like growth factor (IGF), and stromal-derived

factor-1 (SDF-1/CXCL12), were observed in adipose tissue-derived MSCs.

Further, opposite effects of adipose tissue-derived MSCs and umbilical cord

blood-derived MSCs on tumor growth clearly demonstrate that such differences

Fig. 22.2 Retinal cross sections of eyes injected with umbilical cord blood-derived MSC

intravitreally (top) and subretinally (bottom)
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must be considered for safety reasons when choosing a stem cell source for clinical

applications. Similarly, caution may be important when using cell therapy for

retinitis pigmentosa. MSC-specific cell-surface markers are yet to be determined,

but MSCs are reported to be positive for cell-surface markers CD105, CD73,

HLA-ABC, CD29, CD44, CD71, CD90, CD106, CD120a, and CD129 but negative

for CD45, CD14, CD31, and CD34 markers. Although MSCs derived from differ-

ent sources have similar characteristics, they differ in their gene expression profile

and physiology.

22.1.4 Bone Marrow-Derived Hematopoietic Stem Cells

Bone marrow contains several stem cell populations such as hematopoietic stem

cells that give rise to all other blood cells. Hematopoietic stem cells can be

categorized as lineage-positive or lineage-negative subpopulations according to

their potential for differentiation into formed elements of the blood. The lineage-

negative population contains a variety of progenitor cells, including those capable

of becoming vascular endothelial cells. These EPCs migrate from the bone marrow

in response to a variety of signaling molecules and can target sites of angiogenesis.

Lineage-negative hematopoietic stem cells injected directly into the eye can target

activated astrocytes and participate in the normal developmental angiogenesis in

neonatal mice or in injury-induced neovascularization [27]. Stabilization of the

vasculature with lineage-negative hematopoietic stem cells, which integrate into

degenerating retinal vessels, has demonstrated neuroprotective effects [9]. How-

ever, hematopoietic stem cells are a heterogeneous population, and therefore, it

may be difficult to comprehend which cell types are most effective.

22.2 EPC Therapy for Retinal Degeneration

22.2.1 Characteristics of EPCs

EPCs that circulate in the blood and differentiate into vascular endothelial cells

were originally identified as a population of stem cells in human peripheral blood

and characterized by their expression of CD34, VEGFR-2, and CD133 markers

[28–30]. Because these molecules are also expressed in hematopoietic stem cell

populations, hematopoietic contamination of EPCs should be expected. Moreover,

a recent study reported that the so-called EPCs included several cell subpopula-

tions, including CD34+ AC133+ KDR+ cells and endothelial colony-forming cells.

Endothelial colony-forming cells, which possess a hierarchy of EPCs, express

endothelial cell-surface antigens but not hematopoietic cell-surface antigens. In

addition, they can be identified in clonal plating conditions and revealed robust
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proliferative potential and vessel-forming activity [31, 32]. EPCs have now been

isolated from other sources, including peripheral blood, umbilical cord blood, and

bone marrow [33–35]. EPCs have been recently used to treat cardiovascular disease

and severe limb ischemia [36]. However, clinical applications for EPC transfusion

are limited because of the small number of cells available [36]. Umbilical cord

blood has an advantage over peripheral blood and bone marrow as a source of EPCs

because it is more accessible and contains a higher number of EPCs [37].

22.2.2 EPCs and Neuroprotection

Therapeutic effects of EPCs on central and peripheral nervous systems were

recently investigated [38–40]. Nevertheless, it remains unclear whether an

increased blood flow through revascularization improves neural injury, or whether

EPCs have neuroprotective or neurotrophic effects. EPCs attenuated brain ischemic

injury in an animal model [38, 39]. SDF-1 was upregulated in the ischemic brain

and induced EPC migration through the CXC chemokine receptor 4 (CXCR4),

which is expressed in a majority of EPCs [38]. In diabetic neuropathy, dual

angiogenic and neurotrophic effects of EPCs were confirmed by a higher prolifer-

ation of Schwann cells and endothelial cells cultured in hypoxic EPCs-conditioned

media [40]. In both cases, stroke and diabetic neuropathy involved hypoxic

environments.

In retinitis pigmentosa, retinal vascular apoptosis is speculated to be followed by

decreased metabolic demands because of retinal degeneration. The exact relation-

ship between the retinal neuron apoptosis and vascular attenuation is not well

understood, and the intraretinal oxygen environment of retinitis pigmentosa is

still a matter of controversy. Few reports have demonstrated that oxygen levels in

retinal tissue increased with retinal vessel narrowing because of autoregulation

[41, 42]. Further, a therapeutic effect of functional EPCs in the retinitis pigmentosa

mouse model was recently reported (Figs. 22.3 and 22.4) [43]. Functional EPCs

Fig. 22.3 Vasoprotective effect of Alde-Low EPC
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demonstrate a strong hypoxic response through upregulation of hypoxia-inducible

factor proteins, VEGF, and CXCR4 [24]. However, the hypoxic response of EPCs

may not contribute toward the management of retinitis pigmentosa. Alde-Low

EPCs have considerable migratory activity because of CXCR4 upregulation

under 1 % oxygen concentrations [24]. Nonetheless, CXCR4 downregulation in

Alde-Low EPCs did not decrease their neuroprotective and vasoprotective abilities.

Moreover, EPCs were directly injected into the eye; therefore, no long distance

migration was required.

22.2.3 Functional EPCs

EPCs have been used in clinical practice for several ischemic diseases such as

cardiac angina and severe limb ischemia [28–30, 33, 35–37]. To date, clinical

applications for EPC transfusion are limited because of the small number of

available cells [36]. In a recent study, ALDH activity was reported to be an

effective marker of functional EPCs [24]. Characteristically, functional EPCs

have high proliferative and migratory capabilities and exhibit a significant capacity

to regenerate ischemic tissue [24]. It was demonstrated that EPCs with low ALDH

expression (Alde-Low EPCs) levels migrated to an ischemic region and decreased

the necrotic area in a mouse model of skin flap ischemia after making an incision on

the dorsal surface [24]. In a rat model of acute cerebral infarction, Alde-Low EPCs

accumulated and migrated into the infarcted site and subsequently decreased the

infarcted volume [25]. SDF-1 and CXCR4 signaling pathways contribute to the

migration of Alde-Low EPCs. CXCR4 is a 7-transmembrane spanning G-protein-

coupled receptor that is expressed in different types of stem cells, progenitor cells,

Fig. 22.4 Neuroprotective effect of Alde-Low EPC
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and mature endothelial cells. The chemokine SDF-1, a proinflammatory cytokine

involved in cell trafficking and adhesion, exclusively binds to its cognate receptor

CXCR4 [44]. Previous studies have shown that the SDF-1/CXCR4 signaling

pathway regulates angiogenesis and vasculogenesis during development through

the mobilization, migration, and differentiation of EPCs [45]. SDF-1 strongly

expressed in the ischemic area. CXCR4 expression significantly increased in

Alde-Low EPCs (functional EPCs) when compared with Alde-High

(low-functioning EPCs) or control cells under hypoxic conditions, whereas Alde-

Low EPCs have a higher migratory activity in vitro compared with Alde-High

EPCs [24].

As mentioned above, ALDH activity is an effective marker for functional EPCs

because Alde-Low EPCs are more functional compared with Alde-High EPCs

[24]. Recent studies have discussed the concept of what constitutes EPCs based

on their proliferative potential [32]. A hierarchy of EPCs has become increasingly

complex and confusing, and the definition of EPC has been controversial. There-

fore, isolation methods of EPCs are variable among investigators [32]. For future

clinical use of EPCs, efficient isolation of highly proliferative EPCs will be

important to the generation of a reliable and safe cell-based therapy. Highly

proliferative EPCs based on their ALDH activity were identified and referred to

as “Alde-Low EPCs.” The frequency of Alde-Low EPCs in the umbilical cord

blood was greater than 35 % by flow cytometry analysis [24, 28].

22.2.4 Recruitment of Neuroprotective Macrophages
by EPCs

There is no definitive evidence that clarifies whether EPCs possess direct

neuroprotective ability. Presumably, EPCs have no direct neuroprotective ability.

Nevertheless, the increase of blood flow resulting from revascularization ability of

EPCs improves neural injury. EPCs recruit neuroprotective cells (Fig. 22.5) [43]. It

has been reported that transplanted EPCs not only recruited monocytes/macro-

phages and promoted neovascularization but also accelerated dermal wound

healing [24, 36, 46, 47]. Alde-Low EPCs recruited monocyte-derived macrophages

through CCL2 secretion and rescued vessel and photoreceptor cells in a mouse

model of retinal degeneration (Figs. 22.3, 22.4, and 22.5) [43]. CCL2 is a small

cytokine belonging to the CC chemokine family. CCL2, which is also known as

monocyte chemoattractant protein 1, recruits leukocytes such as macrophages or

microglia during retinal inflammation, injury, or chronic disease [48–52]. A previ-

ous report indicated that EPCs released large amounts of CCL2 [53]. In vitro

neuroprotective functions of CCL2 have been recently reported [54, 55]; however,

no in vivo neuroprotective effect has been described—only CCL2 recombinant

injection into mouse model of retinitis pigmentosa.
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It is interesting that neuroprotective and vasoprotective effects of Alde-Low

EPC injections were diminished by clodronate liposomes, which have a powerful

depletion effect on macrophages or microglia [56]. Liposomes are artificially

prepared lipid vesicles that contain concentric phospholipid bilayers with

entrapping aqueous compartments. They can be used to encapsulate strongly

hydrophilic molecules dissolved in aqueous solutions, including clodronate, a

nontoxic bisphosphonate. Following liposome injection, macrophages ingested

and digested liposomes, which was followed by intracellular release and accumu-

lation of clodronate. At a certain intracellular concentration, clodronate induces

macrophage apoptosis. Therefore, clodronate liposome decreased the recruitment

of bone marrow-derived macrophages into the degenerating retina and did not

influence the number of tissue-resident microglia [57]. This finding indicates that

both neuroprotection and vasoprotection were not directly caused by Alde-Low

EPCs or CCL2, yet they were affected by numerous migrated monocyte-derived

macrophages (Fig. 22.5). Neuroprotective and vasoprotective monocyte-derived

macrophages in the peripheral blood were present in extremely low percentages.

Intriguingly, Alde-Low EPCs efficiently induced monocyte-derived macrophages

from peripheral blood to neurodegenerative and vasodegenerative regions

(Fig. 22.5) [43]. Mononuclear cells in the peripheral blood were isolated after

intravitreal Alde-Low EPC injection, and flow cytometric analysis revealed a

higher frequency of F4/80+/Ly6c+ cells in the peripheral blood of Alde-Low

EPC-injected mice than in that of PBS-injected control mice. This suggests that

Fig. 22.5 Schematic summarizing the migrated monocyte-derived macrophages (F4/80+/Ly6c+/

CCR2high cells) recruited by Alde-Low EPC through CCL2-expressed neurotrophic factors and

anti-inflammatory mediators. On the other hand, residual microglia (F4/80+/Ly6c�/CCR2low cells)

expressed TNF-α and was associated with phagocytosis of apoptotic photoreceptors
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Alde-Low EPCs induce migration of F4/80+/Ly6c+ cells in the peripheral blood

from the bone marrow. In another study, F4/80+/Ly6c+ cells in the peripheral blood

were isolated and injected into the subretinal space of rd1 mice, and the number of

rescued cells was analyzed. F4/80+/Ly6c+ cells revealed neuroprotective effects,

but these effects were localized to the injected site. Interestingly, injected

monocyte-derived macrophages remained at the rescued region and expressed

IL-10 and IGF-1. Monocyte-derived macrophages in peripheral blood contributed

to neuroprotective and vasoprotective effects.

Are these migrated neuroprotective macrophages mediated by Alde-Low EPCs

similar to residual macrophages or microglia in the retina? Residual macrophages

or microglia play a significant pathogenic role in inflammatory diseases [48–51]

and retinitis pigmentosa [52]. However, previous reports have assessed residual

macrophages or microglia rather than circulating monocytes or macrophages from

bone marrow. Circulating monocytes or macrophages are classified into two main

subsets of monocytes or macrophages: Ly-6c+/CX3CR1
low/CCR2+ cells that infil-

trate injured tissues and Ly-6c�/CX3CR1
high/CCR2� cells that primarily contribute

to tissue-resident macrophages [58]. CX3CR1 is expressed in the mononuclear

myeloid lineage, regardless of the origin (resident or infiltrating), and is highly

expressed in microglia in the central nervous system and the retina [52, 59].

Recently, CX3CR1 and its ligand fractalkine (CX3CL1) signaling recruited few

subsets of macrophages and related neuroprotection and anti-inflammation

[60, 61]. However, previous studies suggest that CX3CL1/CX3CR1 signaling did

not play a significant role during the degenerative process of rd1 mice and in

neuroprotection and vasoprotection by Alde-Low EPCs [43, 52]. CX3CL1 expres-

sion did not change during retinal degeneration in rd1 mice [52]. Moreover, no

significant differences were observed in CX3CR1 expression between migrated

monocyte-derived macrophages (F4/80+/Ly6c+ cells) and residual microglia

(F4/80+/Ly6c� cells) [43]. C-C motif receptor 2 (CCR2) is a receptor for CCL2,

and CCL2/CCR2 is important for recruiting Ly6c+ monocyte-derived macrophages

from bone marrow [43]. A deficiency in CCL2/CCR2 can impair Ly6c+ monocyte

entry into the blood and consequently, into the inflammatory tissue [62, 63]. More-

over, CCL2/CCR2 signaling was crucial for upregulation of IGF-1 mRNA expres-

sion of macrophages. It was recently reported that migrated monocyte-derived

macrophages (F4/80+/Ly6c+ cells) revealed increased IGF-1 expression, one of

the endogenous neurotrophic factors, than residual microglia (F4/80+/Ly6c�

cells) [43]. Ly6c is expressed in monocytes in the bone marrow and shortly after

their migration into the circulation. This indicates that Ly6c+ cells are immature

macrophages. Impaired recruitment of CCR2+/Ly6chigh/CD11c+ monocytes has

been implicated as a mechanism underlying poor recovery in spinal cord injury

models. Injection of Ly6chigh monocytes into the circulation enhanced recovery

after spinal cord injury. These monocytes expressed interleukin 10 and therefore

played an anti-inflammatory role [64].

Another study reported that monocyte-derived macrophages

(F4/80+Ly6c+CD11b+CX3CR1-GFPint) infiltrated the retina of mice with gluta-

mate intoxication and increased retinal ganglion cell survival and retinal progenitor

cell renewal [60]. A crucial element in the pathophysiology of all forms of
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glaucoma is the death of retinal ganglion cells, which is also a hallmark of several

other retinal neuropathies. Interestingly, inhibition of this infiltration by anti-CCR2

neutralization antibody resulted in a decreased survival of retinal ganglion cells and

decreased the number of proliferating retinal progenitor cells in the ciliary body.

Otherwise, enhancing the circulating monocyte pool led to an increased retinal

ganglion cell survival. Ablation of the endogenous monocyte pool decreased the

number of transcripts encoding anti-inflammatory mediators such as TGF-β1/2 and
interleukin 10 but increased those for proinflammatory mediators. Infiltrating

monocyte-derived macrophages revealed anti-inflammatory and neuroprotective

effects and downregulated the accumulation of other immune cells [60].

In Alde-Low EPCs injection into retinal degeneration models, migrated

monocyte-derived macrophages, as compared with residual microglia, revealed

increased expression of anti-inflammatory mediators such as TGF-β1 and interleu-

kin 10 but decreased expression of proinflammatory factors such as tumor necrosis

factor-α [43]. In retinitis pigmentosa, activated residual microglia migrate into

deeper retinal layers and express tumor necrosis factor-α before the onset of

photoreceptor cell death [52]. These properties suggested that migrated

monocyte-derived cells could be regarded as inflammation-resolving macrophages.

Intriguingly, there was a paradox with respect to retinal detachment. CCL2 con-

centration was significantly higher in patients with retinal detachment [65, 66], and

CCL2 also correlated with retinal detachment-induced photoreceptor apoptosis

[51]. Retinal detachment is toxic to photoreceptor cells and induces their apoptosis

in wild-type mice [51]. However, experimentally induced retinal detachment pre-

served photoreceptors and the surrounding retinal vasculature by decreasing apo-

ptosis of photoreceptors in rd1 mice. This decrease in apoptosis resulted from the

activation of retinal progenitor cells [67]. However, the exact cytokines that were

upregulated, neurotrophic factors, or migrated inflammation-resolving monocyte-

derived macrophages that counteract photoreceptor degeneration remain unclear.

Human umbilical vein endothelial cells (HUVEC) are derived from endothelium

veins of the umbilical cord. HUVEC and HUVEC with CCL2 overexpression failed

to recruit monocyte-derived macrophages and consequently, failed to induce

neuroprotection and vasoprotection in a retinitis pigmentosa mice model [43].

The presence of EPCs may be important for recruiting monocyte-derived macro-

phages from bone marrow. Recruitment of monocyte-derived macrophages may

not only be supported by CCL2 but also by other factors secreted by EPCs. EPCs

are thought to release multiple synergistic, therapeutic, and angiogenic factors,

growth factors, and chemokines compared with HUVEC [28–33]. In vitro, the
proliferative activity of HUVECs plateaued within a short time period, and the

confluent cell number was much smaller compared with those of EPCs [24]. These

fundamental differences between EPCs and HUVEC may contribute to recruitment

of monocyte-derived macrophages after their transplantation into the retinitis

pigmentosa model.

Aldehyde dehydrogenase is an enzyme responsible for oxidizing intercellular

aldehydes [68] that plays an important role in ethanol, vitamin A [69, 70], and

cyclophosphamide metabolism [71]. A recent report demonstrated that
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hematopoietic and neural stem cells are enriched in cells with high ALDH activity

[72–74]. MSCs of human bone marrow and human umbilical cord blood with high

ALDH activity revealed better proliferation and multipotential differentiation abil-

ities [21, 75]. However, human Alde-Low EPCs isolated from umbilical cord blood

revealed highly proliferative and migratory abilities and displayed a greater ability

to regenerate ischemic tissue than did Alde-High EPCs [24]. Human adipose-

derived adult stem cells with high ALDH activity did not increase the chondrogenic

differentiation potential in comparison with unsorted cells by ALDH activity [76].

ALDH activity was downregulated in MSCs when compared to terminally differ-

entiated fibroblast [77]. These reports suggested that the relationship between

ALDH activities and cell functions of progenitor cells or stem cells may vary

according to the cell type and culture methods.

Cell transplantation therapy may be a general approach for managing photore-

ceptor cell loss in which degenerating photoreceptor cells may be replaced by

transplanted cells. However, the exact relationship between the survival rate of

transplanted cells and host nutrient vessels were not investigated in retinal tissues.

More advanced retinitis pigmentosa is associated with severe arteriolar attenuation.

Prior injection of Alde-Low EPCs rescued retinal vascular attenuation and

increased the survival rate of the graft in transplantation of cells from postnatal

mice retina. The resident retinal vascular system may be an important factor for

graft survival rate, or prior injection of EPCs may contribute to an improvement in

the recipient retinal environment, for example, through anti-inflammatory effects.

Therapies using EPCs and migrated monocyte-derived macrophages can be

extremely advantageous and are potentially applicable for all genetic types of

retinal degeneration. These therapies are particularly promising in human retinitis

pigmentosa because this disease shows a number of mutations. The neural and

vascular protection induced by Alde-Low EPCs and migrated microglia represents

a promising new therapy for delaying not only the progression of retinitis

pigmentosa but also the evolution of other neurodegenerative diseases in the central

nervous system.
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Chapter 23

Optic Nerve Regeneration

Kazuhiko Namekata

Abstract In the adult central nervous system (CNS), axon regeneration of

damaged neurons is very difficult as the intrinsic regeneration capacity of neurons

is suppressed by environmental conditions after birth. Like other mammalian CNS

neurons, retinal ganglion cells (RGCs) are unable to regenerate after optic nerve

injury and thus, once they are damaged it can cause irreversible visual loss. There

are a number of reasons for the failure of axon regeneration. One such reason is the

presence of myelin-associated axon growth inhibitors such as Nogo, myelin-

associated glycoprotein (MAG), and oligodendrocyte myelin glycoprotein

(OMgp). These molecules create an environment that restricts axon regeneration.

On the other hand, there are molecules that promote axon regeneration, such as

trophic factors and inflammation-related factors. Recent studies revealed that CNS

neurons, including RGCs, can regenerate if the environment surrounding the

damaged neurons is suitable for regrowth. This condition may be achieved by

application of mixed trophic factors and proinflammatory molecules that promote

axon regeneration and/or by suppression of axon growth-inhibition signaling, such

as RhoA/ROCK signaling. In this review, recent discoveries on molecular mecha-

nisms underlying optic nerve regeneration are discussed.

Keywords ASK1 • Axon regeneration • Dock3 • Oncomodulin • PTEN

23.1 Introduction

Axon regeneration of injured adult mammalian central nervous system (CNS)

tissues is very limited as the intrinsic capacity of neurons to regenerate is

suppressed by environmental conditions after birth. Therefore, disease or injury
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that causes destruction or damage to axons and neuronal networks typically results

in permanent functional deficits of the CNS. It is known that molecules that are

major suppressors to regenerative axon growth and sprouting are secreted following

injury to the adult CNS tissues. On the other hand, there are molecules that can

promote neuronal regeneration, such as growth-promoting extracellular matrix

molecules, cell adhesion molecules, neurotrophic factors, and inflammation mole-

cules. Recent studies showed that both locally available growth regulatory mole-

cules and intracellular signaling molecules greatly influence injury-induced

neuronal growth. Various degrees of growth and sprouting of injured CNS neurons

have been achieved by lowering inhibitory cues, by increasing environmental

growth-promoting cues, or by activation of cell growth programs. Injured axons

receiving combination of these molecules, so as to activate growth-promoting

signaling and attenuate growth-inhibitory signaling, will be able to regenerate

effectively and advances in this field will achieve full functional recovery of

adult CNS neurons after injury in the near future.

23.2 Growth-Inhibitory Factors for Axon Regeneration

In the adult mammalian CNS, axon regeneration is restricted by a number of

environmental and intracellular growth-inhibition mechanisms. These mechanisms

hinder axon regeneration, but they are essential for stabilization of intricate net-

works of neuronal connectivity. In response to injury to the CNS, a spontaneous

repair process is activated, but it is not sufficient for complete recovery, leading to

neurological deficits. Therefore, a detailed understanding of the inhibitory mecha-

nisms in the CNS repair process and finding strategies to overcome the inhibition

would be useful both in biological and clinical contexts. In this section, myelin-

associated inhibitor molecules and RhoA signaling are discussed followed by a

brief summary of the role of phosphatase and tensin homologue (PTEN), which is

one of the powerful suppressors of the intrinsic regenerative ability of the mature

neuron.

23.2.1 Myelin-Associated Inhibitor Molecules

The most well-characterized myelin-associated inhibitor molecules are Nogo,

myelin-associated glycoprotein (MAG), and oligodendrocyte myelin glycoprotein

(OMgp). Nogo, also known as Reticulon-4, is an axonal growth inhibitor in the CNS.

To date, three isoforms, namely, Nogo-A, Nogo-B, andNogo-C, have been identified

[1–3]. Nogo-A is the longer variant and the principal isoform in the CNS, suggesting

that this isoformmay play amajor role in restrictingCNS regeneration [4, 5]. Nogo-A

expression is mainly found in oligodendrocytes in the postnatal CNS [4, 5].
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However, Nogo-A is also expressed in the periaxonal sheath and synapses of

neurons [4]. The carboxyl terminus of Nogo-A shares homology with Nogo-B and

Nogo-C and contains the hydrophilic 66-amino acid segment (Nogo-66) between two

hydrophobic domains [2], which exhibits high-affinity binding to its neuronal recep-

tor, the Nogo receptor (NgR). Besides this homologous carboxyl terminal region,

Nogo-A possesses domains that also potently inhibits neurite outgrowth in vitro

through biochemically distinct mechanisms from NgR signaling [1–3, 6, 7].

MAG, a member of the immunoglobulin superfamily, is expressed at the cell

surface and possesses five extracellular immunoglobulin-like domains, a transmem-

brane domain, and two alternatively spliced C-terminal tails [8]. Recombinant

MAG inhibits neurite outgrowth in vitro, and this inhibition is suppressed by

immunodepletion of MAG. Although the growth-inhibitory nature of MAG is

well established, MAG knockout mice do not show enhanced regrowth of injured

corticospinal or optic nerve axons [9]. Interestingly, MAG is known to show

contrasting effects on neurite outgrowth depending on the developmental stages:

MAG promotes neurite outgrowth of many types of embryonic and neonatal

neurons [10], whereas it inhibits neurite outgrowth from a range of primary neurons

at mature stages [11].

OMgp, a member of the leucine-rich repeat protein family, is another one of the

molecules that inhibits axonal outgrowth [4]. OMgp is localized to the cell surface

and is expressed in myelin of oligodendrocytes [12]. OMgp is also highly expressed

in many types of neurons in the mature CNS [13, 14]. Although OMgp-deficient

mice do not promote axonal outgrowth in axotomized corticospinal tissues,

increased sprouting has been reported [15].

These three molecules, Nogo, MAG, and OMgp, impair axon regeneration via a

common pathway; they all activate the neuronal glycosylphosphatidylinositol

(GPI)-anchored receptor NgR [16–18]. There are three subtypes of NgR: NgR1,

NgR2, and NgR3. Although single genetic deletion of NgR1 failed to reduce the

inhibitory effects on neurite outgrowth, triple deletion of NgR1, NgR2, and NgR3

in mice promoted optic nerve regeneration after axotomy [19, 20]. The NgR is

expressed in microglia and macrophages at injury sites within the CNS and

peripheral nervous system (PNS) [21, 22]. In neurons, activation of NgR signaling

induces growth cone collapse through the Rho-GTPase pathway by association with

two signal-transducing binding partners, p75 (the low-affinity neurotrophin recep-

tor, p75NTR) and LINGO-1 (leucine-rich repeat and immunoglobulin domain-

containing Nogo receptor-interacting protein) [16–18, 23]. Moreover, TROY, a

tumor necrosis factor (TNF) receptor family member that is widely expressed in

postnatal and adult neurons, has been identified to act as a substitute for p75 in the

NgR1/p75/LINGO-1 receptor complex and respond to the myelin-associated inhib-

itor molecules [24, 25]. In addition, another functional receptor for Nogo, MAG,

and OMgp has been identified as the paired immunoglobulin-like receptor B (PirB)

[26, 27]. PirB is expressed in adult CNS and it inhibits regeneration signaling after

injury [6, 7].

23 Optic Nerve Regeneration 343



23.2.2 RhoA Signaling

Rho-GTPases (RhoA, Rac1, and Cdc42) reorganize cytoskeleton by regulation of

actin filament assembly and disassembly through interaction with a series of

cytosolic enzymes. They play a major role in actin polymerization, branching and

depolymerization, and directing actin-myosin-dependent contractility to control the

retrograde transport of F-actin within the growth cones. Activated RhoA induces

actinomyosin contractility and stress fiber formation, resulting in inhibition of

growth cone extension. In contrast, activation of the other Rho-GTPases Rac1

and Cdc42 is associated with extension of filopodia and lamellipodia, leading to

cell migration. In general, it is established that RhoA is the negative regulator and

Rac1 and Cdc42 are the positive regulators of Rho-GTPases-associated neurite

outgrowth and extension of growth cones [28]. Accumulated evidence indicates

that RhoA activation is one of the central events in NgR signaling-mediated

inhibition of axon regeneration. Activated RhoA stimulates Rho-kinase (ROCK),

which is a major RhoA effector, and suppresses actin dynamics by activating LIM

kinase and inactivating cofilin in the growth cone, causing inhibition of axon

regeneration. In contrast, inactivation of RhoA by the ADP-ribosyltransferase C3,

a bacterial protein that efficiently and irreversibly inactivates RhoA, has been

shown to suppress the inhibitory effects of myelin-associated inhibitor molecules

and recover axonal outgrowth in retinal neurons [29]. Application of C3 at the

injury site of the optic nerve or intravitreal injection of a cell-permeable version of

C3 leads to RGC axons extending beyond the lesion site and growing into the distal

nerve segment [29, 30]. Furthermore, viral expression of C3 in RGCs enables axons

to regenerate following optic nerve injury and further enhances the extent of axon

regeneration after lens injury [31]. Similarly treatment of RGCs with specific

inhibitors for ROCK overcomes myelin and chondroitin sulfate proteoglycans

(CSPG) inhibition in vitro and allows axons to regenerate beyond the lesion site

of the optic nerve in vivo [32–34]. Therefore, suppression of the RhoA/ROCK

signaling pathway might be a more effective strategy for axon regeneration than

directly neutralizing the myelin-associated inhibitor molecules.

23.2.3 PTEN

The phosphatase and tensin homologue (PTEN) is a tumor suppressor gene and is a

well-known negative regulator of cell growth and migration in most cell types.

PTEN dephosphorylates phosphatidylinositol 3,4,5-triphosphate (PIP3) and

inhibits the phosphoinositide 3-kinase (PI3K) signaling pathway [35, 36]. PTEN

deficiency leads to neuronal hypertrophy and defects in cell migration, dendrite

arborization, and myelination in the nervous system [35, 36]. In the retinal tissue,

PTEN has also been shown to be a critical regulator during development. Accord-

ingly, conditional knockout of PTEN causes RGC, horizontal cell, and amacrine
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cell hypertrophy and expansion of the inner plexiform layer [36]. In addition, PTEN

also plays an important role, as a major downstream effector of the E3 ligase

NEDD4 signaling pathway, in regulating RGC terminal arborization [37]. Recently,

it has been revealed that PTEN plays a major role in inhibition of optic nerve

regeneration following optic nerve injury [38]. Studies on mice with deletion of

PTEN demonstrate a striking regeneration capacity of the adult optic nerve, and it

synergistically promotes robust axon regeneration with conditions that also stimu-

late regeneration, such as deletion of the suppressor of cytokine signaling (SOCS)

3 gene [39] and inflammation; the latter will be discussed in more detail later.

23.3 Promoting Axon Regeneration

Some factors can overcome the inhibitory signaling and exert robust axon regen-

eration by increasing growth-promoting signaling. Application of growth regula-

tory molecules, such as trophic factors, induces suppression of cell death and

enhances neuronal growth in damaged neurons. In addition, some intracellular

signaling and cytoskeletal remodeling play major roles in injury-induced neuronal

growth and regeneration. In this section, various approaches for increasing axon

regeneration are discussed.

23.3.1 Trophic Factors

Optic nerve regeneration requires survival of RGCs and thus, neuroprotection is

one of the most important aspects of axon regeneration. The classical neurotrophins

are a family of diffusible trophic proteins in the CNS that mediate several cellular

responses, such as proliferation, differentiation, axon growth, as well as dendrite

and synapse formation [40]. Members of the nerve growth factor (NGF) that belong

to the family of neurotrophins (brain-derived neurotrophic factor, BDNF;

neurotrophin-3, NT-3; neurotrophin-4/5, NT-4/5) protect retinal cells in animal

models of retinal degeneration [41–44]. Neurotrophins regulate cell survival

through the three tropomyosin-related kinase (Trk) receptors TrkA, TrkB, and

TrkC, and stimulation of these receptors activates Ras-dependent mitogen-acti-

vated protein (MAP) kinases [45–47]. In addition, neurotrophins activate p75NTR,

which is also involved in NgR signaling, and induce apoptosis; in fact this mech-

anism by neurotrophins appears to be essential for developmentally regulated cell

death in both peripheral and central neurons [48–51]. Mature RGCs express all

three Trk receptors, but significant neuroprotection of axotomized RGCs has been

reported only with the TrkB receptor ligands BDNF and NT4/5 [52–54]. In fact,

BDNF is one of the most effective survival agents for axotomized RGCs [54, 55]. In

addition, RGCs express several receptors of other trophic factors such as the

fibroblast growth factor receptor (FGFR1), glial cell-derived neurotrophic factor
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(GDNF) family receptor α1 (Ret/GFRα1), and hepatocyte growth factor receptor

(HGFR), suggesting that these receptor activations may also play an important role

in neuroprotection and neuroregeneration. Accordingly intravitreal application of

FGF2 and GDNF reportedly increases the survival of mature RGCs following optic

nerve injury [56–58]. For most neurotrophic factors, it is not clear whether their

beneficial effects act directly on RGCs or indirectly via activation of other retinal

cells such as Müller cells, which then release additional factors that promote

protection of RGCs. There seems to be an intricate cross talk of multiple signaling

in the mammalian visual system, and the combinatorial treatment with trophic

factors might be useful for axon regeneration.

23.3.2 Inflammation

Inflammation is the key event of host defense responses to injury, tissue ischemia,

autoimmune reactions, or infectious agents. In the CNS, inflammation responses are

very complex and depending on the stimulation, neuroinflammation exhibits

neuroprotective or neurotoxic effects or even a mixture of the two [59–61]. The

direct induction of an inflammatory response in the eye shows dramatic positive

effects on RGC axon regeneration [55, 59, 62, 63].

23.3.2.1 Macrophages

Puncture of the ocular lens induces a robust regenerative response in mature

axotomized RGCs [64, 65]. As a result, axotomy-induced cell death is markedly

delayed, and most of these neurons regenerate lengthy axons into the axon growth

supportive environment of a peripheral nerve graft. Moreover, lens injury also

enables RGCs to regenerate axons into the inhibitory environment of either a

transected/resutured nerve or a crushed optic nerve [59]. Thus, lens injury induces

neuroprotection and axon growth promotion and to some degree suppresses the

effects of inhibitory molecules that create unsuitable environment for

neuroregeneration. The lens-injury-induced ability to regrow axons is not a simple

consequence of its neuroprotective effect on RGCs. This is because RGCs that have

been pretreated in vivo by lens injury show, in contrast to untreated controls,

spontaneous axon growth with higher growth rate on a growth-permissive substrate

[66]. In addition, an earlier study reported that introducing activated macrophages

into the rat optic nerve enhanced the survival or regeneration of RGC axons [67],

and lens injury was associated with an influx of activated macrophages into the

eye [65].

The transfer of peripherally activated macrophages into the visual system was

previously reported to enhance axon regeneration [68, 69]. The lens injury induces

macrophage infiltration into the vitreous and macrophage-derived inflammatory

factors can enhance the regenerative capacity of RGC axons, in which the effect of

macrophage-mediated optic nerve regeneration is most effective within 3 days of
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axotomy [59]. After injection of zymosan, a yeast cell wall preparation, into the

retina, macrophages are subsequently activated and infiltrate into the retina. Zymo-

san can increase both survival of axotomized RGCs and axon regeneration [55, 59,

63, 65]. Earlier studies demonstrated a great increase in the RGC survival rate by a

vehicle injection into the eye [54] or by implanting fragments of pre-injured

peripheral nerve into the vitreous [70, 71]. These effects are probably due to

activated macrophages induced by injury. In addition to zymosan, another macro-

phage activator oxidized galectin-1 can promote axon regeneration in RGCs after

axotomy [72].

23.3.2.2 Oncomodulin

Oncomodulin, a small Ca2+-binding protein, has been identified as one of the

principal macrophage-derived molecules to mediate axon regeneration and plays

a key role in stimulating RGCs to regenerate their axons following intravitreal

inflammation [73]. It was shown that oncomodulin is secreted by inflammatory

cells, such as macrophages, and binds to an unknown receptor on RGCs. In the

presence of mannose and forskolin, oncomodulin in culture elicited more extensive

axon outgrowth than any other well-established growth factors, such as BDNF,

ciliary neurotrophic factor (CNTF), and GDNF, and as much outgrowth as

macrophage-conditioned media. In addition, when oncomodulin was immune-

depleted from macrophage-conditioned media, activity of axon outgrowth was

decreased. Most strikingly, in the presence of an agent to elevate intracellular

cyclic adenosine monophosphate (cAMP), oncomodulin stimulated extensive

axon regeneration in the mature optic nerve in vivo, and this effect was diminished

by the peptide antagonist inactivating the putative oncomodulin receptor or the anti-

oncomodulin antibody that neutralizes oncomodulin [74]. Thus, oncomodulin is a

novel, potent growth-promoting factor for optic nerve regeneration. Most recently,

it has been shown that neutrophils, as well as macrophages, infiltrate and secrete

oncomodulin after axotomy. In mice, great numbers of neutrophils enter into the

vitreous chamber within 12 h of inducing inflammation by zymosan and produce

high levels of oncomodulin [75]. Because infiltration of neutrophils is the first

responder of the innate immune system, this event might play an essential role in

oncomodulin-mediated axon regeneration in RGCs after axotomy.

Recent studies demonstrated that PTEN is an important regulator of axon

regeneration and PTEN deficiency successfully induces robust long-distance axon

regeneration in mice following optic nerve injury [38]. The zymosan and cAMP

application combined with PTEN gene deletion enabled optic nerve fibers to

regrow to its full length to innervate visual brain areas such as the dorsal lateral

geniculate nucleus and superior colliculus [76] (Fig. 23.1). Partial recovery of

visually guided behaviors, assessed by tests such as the visual cliff test, optomotor

response test, circadian photoentrainment test, and pupillary light reflex test,

suggests the formation of functional synapses at visual centers of the brain.

These studies shed light upon possible targets and strategies to repair the optic

nerve following traumatic or glaucomatous injury.
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23.3.3 DLK and ASK1

Dual leucine zipper kinase (DLK) is a mitogen-activated protein kinase (MAPK)

kinase kinase and is localized in several areas of the developing nervous system,

such as the brain, spinal cord, and sensory ganglia [77]. In response to oxidative

Fig. 23.1 Optic nerve regeneration. Intraocular injection of zymosan and cAMP induces infiltra-

tion of activated macrophage into vitreous and promotes axon regeneration of injured optic nerve.

In PTEN-deficient mice, the combined treatment induces robust optic nerve regeneration
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stress and deletion of trophic factors, activation of DLK-dependent signaling

cascades leads to rapid neuron degeneration during development [78]. Conversely,

DLK deletion protects several classes of neurons from apoptosis in mouse embryos

[78, 79]. The primary response of DLK signaling is neural cell death, although DLK

can activate both proapoptotic and regenerative programs in response to optic nerve

injury [80]. A role of DLK in promoting axon regeneration in diverse model

systems has emerged. In this regard, the DLK homologues DLK-1 (Caenorhabditis
elegans) and Wallenda (Drosophila) have been shown to regulate axon regenera-

tion after injury [81–83], and in mammals, the DLK-JNK signaling pathway has

been reported to regulate regenerative responses to axonal injury in the retina

[80, 84].

In addition to DLK, apoptosis signal-regulating kinase 1 (ASK1), an evolution-

arily conserved MAPK kinase kinase, is also associated with RGC death after optic

nerve injury. ASK1 relays its apoptotic signals to the stress activated MAPK family

members, p38 and c-Jun N-terminal kinase [85]. p38 is activated by environmental

stress such as nitric oxide, as well as by proinflammatory cytokines like TNF and

interleukin-1. In addition, axotomy of the optic nerve or intraocular injection of N-
methyl-D-aspartate (NMDA) activates p38, which leads to neural cell apoptosis.

The interruption of the ASK1-p38 pathway by deletion of ASK1 gene or by a p38

inhibitor prevents RGC death caused by optic nerve injury [86]. Strikingly, admin-

istration of a p38 inhibitor even after optic nerve injury was effective as a treatment,

suggesting strongly of a possibility that p38 is a potential therapeutic target for optic

neuropathy due to traumatic optic nerve injury, optic neuritis, ischemia, and

glaucoma [87–90].

23.3.4 Dock3

Actin filament degradation induces immobility and/or collapse of the growth cone

pathways and thus, it is important to induce rearrangement of actin filaments in

order to promote axon elongation. In addition to actin filaments, microtubule

filaments are also crucially involved in axon regeneration. One feature of injured

CNS axons is that their microtubules depolymerize at the axon stump. Thus, these

microtubules lose their protrusive activity, which propels axon growth and growth

cone formation. In contrast, axonal lesions in the PNS retain bundled microtubules

and provide support for growing axons.

Actin rearrangement can be induced by activation of Rac1, a member of the Rho

family of small G proteins. Dock3, a guanine exchange factor (GEF) that is

exclusively expressed in the CNS, induces Rac1 activation and membrane ruffling

[91]. Overexpression of Dock3 promotes optic nerve regeneration after axotomy by

binding to WAVE, a key regulator of actin assembly, and by reorganizing actin

filaments at the growth cone [92]. Interestingly, Dock3 is a downstream effector of

23 Optic Nerve Regeneration 349



BDNF-TrkB signaling, in which Dock3 forms a Fyn-Dock3-WAVE complex at the

plasma membrane upon BDNF stimulation [92]. Thus, translocation of Dock3

induces Rac1 activation and recruits WAVE to the plasma membrane, leading to

enhanced actin rearrangement at the growth cone. In addition to this TrkB-Fyn

signaling pathway, BDNF-induced RhoG activation also recruits Dock3 to the

plasma membrane by forming a RhoG-Elmo-Dock3 complex, resulting in

increased neurite outgrowth [93]. Therefore, Dock3-induced axon extension

requires translocation of Dock3 to the plasma membrane in both TrkB-Fyn and

TrkB-RhoG pathways. These observations suggest that the effects of BDNF on

axon regeneration can be explained, at least partly, by Dock3-induced Rac1 acti-

vation and actin rearrangement via multiple pathways.

Furthermore, Dock3 binds to and inactivates glycogen synthase kinase-3β
(GSK-3β) and enhances BDNF-dependent axonal outgrowth [94]. In recent years,

GSK-3β emerged as a master regulator of microtubule dynamics in growth cones; it

phosphorylates several substrates including collapsin response mediator proteins

(CRMPs), adenomatous polyposis coli (APC), and cytoplasmic linker-associated

proteins [95–97]. Inactive GSK-3β allows the interaction of CRMP-2 and APC to

tubulin filaments and thus promotes microtubule polymerization and induces axo-

nal outgrowth, suggesting that Dock3-mediated GSK-3β inactivation also regulates
the formation and elongation of axons via microtubule dynamics.

The observations that Dock3 signaling is involved in both actin- and

microtubule-based axon elongations suggest a significant role of Dock3 in axon

regeneration (Fig. 23.2). Indeed, Dock3 null mice exhibit axon degeneration and

sensorimotor impairments [98]. Dock3 was initially identified as a binding protein

of presenilin, which is associated with γ-secretase activity in β-amyloid precursor

protein (APP) processing [99]. Dock3 overexpression induces suppression of Aβ
secretion by promoting APP degradation [100]. Since Dock3 was accumulated in

neurofibrillary tangles and decreased in soluble fraction of brain extract from

Alzheimer’s disease patient compared to age-matched controls [99, 101], it was

hypothesized that the decreased level of Dock3 may accelerate the pathogenesis of

Alzheimer’s disease via axon degeneration.

23.4 Conclusions and Future Directions

Recent studies revealed that injured CNS neurons possess regrowth activity, like

PNS neurons, provided that they are exposed to environmentally suitable growth

conditions. Investigation into optic nerve regeneration offers critical information

for developing novel therapies for optic nerve disorders, such as glaucoma, optic

neuritis, and traumatic optic neuropathies by traffic accidents. Accumulated
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evidence indicates that combinatorial treatment is more effective for axon regen-

eration than manipulating a single factor. Therefore, it is important to discover the

best combination of multiple factors that allow not just axon regeneration but also

functional recovery.
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