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 ¢ 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.
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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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Fig. 19.1 Schematic drawing of mitochondrial apoptotic signaling via mitochondrial membrane
permeabilization (MMP). MMP induces mitochondrial release of proapoptotic molecules such as
cytochrome ¢ and apoptosis-inducing factor (AIF)

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
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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-a 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-a, IL-1p, 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-a, IL-1p, 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-a
induces photoreceptor cell death after RD, along with the activation of caspase-
8 and RIP kinase. In addition, blockade of TNF-a suppresses the retinal infiltration
of macrophages and microglial cells [40]. Therefore, not only pro-death but also
proinflammatory signals of TNF-a could be involved in the photoreceptor loss after
RD. In another study by Nakazawa and colleagues, genetic deficiency of Mcpl
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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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)

Cdl1b/Cdl8, 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 (HMGBI1), a nuclear protein that regulates transcription, has a divergent extra-
cellular function as DAMP. HMGBI 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 HMGBI 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.
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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 (BHI1 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 BHI-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 ¢ 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-5'-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-a 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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