Progress in Retinal and Eye Research 37 (2013) 114—140

Contents lists available at ScienceDirect =L REINAL AND EYE RESEARCH

Progress in Retinal and Eye Research

journal homepage: www.elsevier.com/locate/prer

Photoreceptor cell death and rescue in retinal detachment and @CmsMark
degenerations

Yusuke Murakami ®™', Shoji Notomi ®"', Toshio Hisatomi ™', Toru Nakazawa ',
Tatsuro Ishibashi™', Joan W. Miller >, Demetrios G. Vavvas * "'

2 Retina Service, Angiogenesis Laboratory, Department of Ophthalmology, Massachusetts Eye and Ear Infirmary, Harvard Medical School,
Boston, MA 02114, USA

b Department of Ophthalmology, Graduate School of Medical Sciences, Kyushu University, Fukuoka 812-8582, Japan

¢ Department of Ophthalmology, Tohoku University, Graduate School of Medicine, Sendai 980-8574, Japan

ARTICLE INFO ABSTRACT
Article history: Photoreceptor cell death is the ultimate cause of vision loss in various retinal disorders, including retinal
Available online 28 August 2013 detachment (RD). Photoreceptor cell death has been thought to occur mainly through apoptosis, which is
the most characterized form of programmed cell death. The caspase family of cysteine proteases plays a
Keywords: central role for inducing apoptosis, and in experimental models of RD, dying photoreceptor cells exhibit
Retina caspase activation; however, there is a paradox that caspase inhibition alone does not provide a sufficient
Macula X protection against photoreceptor cell loss, suggesting that other mechanisms of cell death are involved.
gigre;ei;anons Recent accumulating evidence demonstrates that non-apoptotic forms of cell death, such as autophagy
Apoptosis and necrosis, are also regulated by specific molecular machinery, such as those mediated by autophagy-
Autophagy related proteins and receptor-interacting protein kinases, respectively. Here we summarize the current
Neuroprotection knowledge of cell death signaling and its roles in photoreceptor cell death after RD and other retinal
Neuroregeneration degenerative diseases. A body of studies indicate that not only apoptotic but also autophagic and necrotic
signaling are involved in photoreceptor cell death, and that combined targeting of these pathways may
be an effective neuroprotective strategy for retinal diseases associated with photoreceptor cell loss.
© 2013 Published by Elsevier Ltd.
Contents
1. Introduction . SO APOPPRPRRY | &1
2. Classification ofcell death apopt051s autophaglccell death and T 01 (PO | £
B I |V o) 5 310 [0 4 e B =Ty 3P 115
2.2, Genetic/bioChemUCAl fRATUIES . . ... v ettt ettt ettt et e e e et et et et e e e e e e e e e e et e et e e e e e e e e 116
2.3.  Methods of detection and classifiCation . ... ..........ieiiieini ittt e e et 116
3. Caspase-dependent ADOPLOSIS ... ...uurerener ettt et et et et et e e e e e e e e 117
3.1. Caspase signaling .. e PP ¥ 4
311 lnmatorandeffectorcaspases P § V4
3.1.2. Caspase activating complexes: DISC apoptosome PIDDosome and mﬂammasome PSPPI I ¢
3.2.  Caspase inhibitors and clinical trials .. 118
3.3. Knockoutammalsforcaspasefamllles e e e e, 119
3.4. The role of caspase-dependent apopt051s in photoreceptor cell death after RD e 119
3.5. The role of caspase-dependent apoptosis in photoreceptor cell death in other retmal degeneratlve dlseases i e 120
3.6. Endogenous anti-apoptotic factors in the retina 120

* Corresponding author. Retina Service, Angiogenesis Laboratory, Department of Ophthalmology, Massachusetts Eye and Ear Infirmary, Harvard Medical School, 243
Charles St., Boston, MA 02114, USA. Tel.: +1 617 573 6874; fax: +1 617 573 3011.
E-mail address: demetrios_vavvas@meei.harvard.edu (D.G. Vavvas).
1 percentage of work contributed by each author in the production of the manuscript is as follows: Y Murakami, 25%; S Notomi, 10%; T Hisatomi, 10%; T Nakazawa, 10%; T
Ishibashi, 10%; JW Miller, 10%; DG Vavvas, 25%.

1350-9462/$ — see front matter © 2013 Published by Elsevier Ltd.
http://dx.doi.org/10.1016/j.preteyeres.2013.08.001


mailto:demetrios_vavvas@meei.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.preteyeres.2013.08.001&domain=pdf
www.sciencedirect.com/science/journal/13509462
http://www.elsevier.com/locate/prer
http://dx.doi.org/10.1016/j.preteyeres.2013.08.001
http://dx.doi.org/10.1016/j.preteyeres.2013.08.001
http://dx.doi.org/10.1016/j.preteyeres.2013.08.001

Y. Murakami et al. / Progress in Retinal and Eye Research 37 (2013) 114—140 115

4. Aif-mediated mitochondrial pathway . .. Lo 122
41. AIF as a caspase-independent mducer of cell death .. 122

4.2.  AIF knockout or mutant animals ..................coooieuen.. 122

4.3. The role of AIF in photoreceptor cell death after RD . .. .. 122

44. TheroleofAlFmphotoreceptorcelldeathmotherretmaldegeneratlvedlseases e 122
5. RlPkmaseandnecr051s.............................................................................................................123
5.1.  RIP kinase signaling . ... 123
511. RIP1 polyublqumnatlon and pro surv1val NF KB actlvatlon . . .. 123

5.1.2. RIP1 deubiquitination and formation of cytosolic pro- deathcomplex DISCor necrosome...................................,.124

5.1.3. Regulatory mechanisms of RIP Kinase activation ... ..........ouiuininiiintie ittt it e it et it et 124

5.1.4. Downstream signaling of RIP kinase leading to necrosis ... .. 124

5.1.5. Non-necrotic role of RIP kinase ........................ 125

5.2.  RIP kinase inhibitors .............coviiiiiiiiiinini e 125

53. Knockout animals for RIP kinases ....... ... 125

5.4. The role of RIP kinase in photoreceptor cell death after RD .. s . 127

5.5. The role of RIP kinase in photoreceptorcell death in otherretmal degeneratlve dlseases e e 127
6. Atg family and autophagy .. . ....128
6.1.  Molecular machinery of autophagy e .. 128

6.2. The roles of autophagy in cellular homeostasis 128
6.2.1.  Cell death mediated by autophagy ................... 128

6.2.2.  Cytoprotective roles of autophagy .................... 128

6.3.  Autophagy inhibitors and iNAUCETS ... .........iiiiiti ittt ettt ettt e e et e ettt et ettt et ii e, 129
6.3.1.  Autophagy iNNiDItOrS . ... ...ttt et et e e e e i, 129

6.3.2.  Autophagy inducers 129

6.4. Knockout animals for Atg families . . ... 129

6.5. Research in autophagy and photoreceptor cell death ... 129

7. Mitochondria and cell death . ....130
7.1.  Mitochondrial outer membrane permeablhzatlon e e .. 130

7.2.  Regulation of mitochondrial integrity by Bcl-2 family protems 131

7.3.  MOMRP as a target of neuroprotection in RD .. 131

74. TheroleofMOMPmotherretmaldegeneratlvedlseases.........................................................................13]

8. Inflammation and cell death . ..132
8.1. Interaction between dymg cells and phagocytes ... 132

8.2. Inﬂammatory51gnalsfromdymgphotoreceptorcells .. e e e e 132
8.3. Productlonofcytokmes/chemokmesand macrophagemﬁltratlonafterRD e ... 133

9. Conclusions ........ ...133
Competmgmterestsstatement AP 1 7!
Acknowledgmentsl34
0SS (] (2 4 Lol PP [ 7

1. Introduction

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
layers of the retina. Retinal detachment occurs in various retinal
disorders, including age-related macular degeneration (AMD)
(Dunaief et al., 2002), diabetic retinopathy (Barber et al., 1998), as
well as rhegmatogenous, tractional, and exudative retinal
detachment (RD) (Cook et al., 1995). Although surgery is carried
out to reattach the retina, only two-fifths of patients with rheg-
matogenous RD involving the macula recover 20/40 or better
vision (Campo et al., 1999). In other conditions mentioned, sus-
tained serous RD causes progressive visual decline. Although
various pathological changes occur in detached retina (Anderson
et al., 1981; Lewis et al., 1994; Jablonski et al., 2000), 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 (Cook et al., 1995; Hisatomi
et al., 2001; Arroyo et al, 2005). Retinal imaging by optical
coherence tomography have demonstrated that the microstructure
of foveal photoreceptor cells is a critical factor predicting better
visual function in patients who received successful RD repair
(Schocket et al., 2006; Wakabayashi et al., 2009). These findings

suggest that loss of photoreceptor cells may be an important cause
of vision loss after RD. Photoreceptor cell death also underlies the
pathology of other retinal disorders such as retinitis pigmentosa
(RP) and AMD, and is the basis for visual decline. Although the
causes and clinical characteristic of each retinal disorder differ,
accumulating evidence suggests that some molecular pathways
leading to photoreceptor cell death appear to be shared by these
diseases at least in part. Therefore, identification of the mecha-
nisms involved in photoreceptor cell death will be critical to
developing new treatment strategies for these retinal diseases
associated with photoreceptor cell loss. In the present review, we
summarize the current knowledge of cell death mechanisms and
their roles in RD and other retinal disorders.

2. Classification of cell death: apoptosis, autophagic cell
death, and necrosis

2.1. Morphological features

Apoptosis, autophagy, and necrosis are three major forms of cell
death defined by morphological appearance (Kroemer et al., 2009;
Galluzzi et al., 2012). Schweichel and Merker (1973) proposed this
classification in an ultrastructural study of physiological cell death
in prenatal tissues. The morphological characteristics of each form
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