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11 Abstract

12 Glaucoma is a multi-factorial neurodegenerative disorder. The common denominator in all types of glaucomas is retinal ganglion
13 cell death through apoptosis. However, this cellular demise in glaucoma is detected late by structural or functional analyses. There
14 can be a 10-year delay prior to the appearance of visual field defects and pre-perimetric glaucoma is an issue still being addressed.
15 However, a new cutting-edge technology called detection of apoptosing retinal cells (DARC) is being developed. This technique is
16 capable of non-invasive, real-time visualization of apoptotic changes at the cellular level. It can detect glaucomatous cell damage
17 at a very early stage, at the moment apoptosis starts, and thus management can be initiated even prior to development of visual
18 field changes. In future, this technique will also be able to provide conclusive evidence of the effectiveness of treatment protocol
19 and the need for any modifications which may be required. This article aims to provide a concise review of DARC technology.
20
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27 Introduction

28 Glaucoma is a neuro-degenerative disorder characterized
29 by wide-spread loss of retinal ganglion cells (RGC). This RGC
30 demise occurs through apoptosis which is a cascade of cellu-
31 lar events leading to programmed cell death. Apoptosis of
32 RGCs is an early and critical event in the evolution of glauco-
33 matous visual field loss. However, it is well known that up to
34 20–40% of the RGCs might already be lost before the visual
35 field defects become apparent. This leads to an unfortunate
36 10-year delay in the diagnosis of glaucoma.1–3

37 Recently, a promising new technology has been reported
38 to detect RGC apoptosis in vivo. This technique is known as
39 ‘‘Detection of Apoptosing Retinal Cells’’ (DARC). With the
40 application of this method it will be possible to identify
41 patients prior to the onset of irreversible vision loss. Apart
42 from diagnosis of glaucoma suspects, it will also provide a
43 rapid and objective assessment of the effectiveness of clinical
44 intervention in the patient and shorten the period of clinical
45 trials.1,4

46 This review throws light on DARC technology and its utility
47 in glaucoma management.

48Apoptosis

49RGC loss in glaucoma is an important early step. RGC
50demise is initiated due to a pathological event, such as ische-
51mia, axonal injury or changes in the lamina cribrosa activating
52apoptosis. This is a type of programmed cell death character-
53ized by a carefully coordinated collapse of cellular architec-
54ture associated with protein degradation and de-oxy
55ribonucleic acid (DNA) fragmentation. This process is seen
56in a large variety of tissues during the life cycle of the individ-
57ual. It includes a genetically programmed destruction of
58specific cell lines during embryogenesis, hormone-
59dependent physiologic involution (such as the endometrium
60during the menstrual cycle), cell death of populations (like
61the intestinal epithelium and neutrophils), as well as following
62cellular injury due to non-specific factors such as drugs, can-
63cer and infection.5

64Apoptosis differs from necrosis which causes a potentially
65damaging inflammatory response. In necrosis the cell is a
66passive victim and follows an energy independent mode of
67death. Unlike apoptosis that can affect single-cells, necrosis
68usually involves large fields of cells. Apoptosis is a neat
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69 process characterized by pathognomonic features of cell
70 shrinkage and chromatin condensation. This is followed by
71 fragmentation of DNA, presumably by the activation of
72 endonucleases. The cells shrink, form cytoplasmic buds and
73 fragment into apoptotic bodies composed of membrane
74 bound vesicles of cytosol and organelles. This is called mem-
75 brane blebbing. Finally, the apoptotic bodies are extruded
76 from the cell and phagocytosed or degraded by macro-
77 phages or neighboring cells.1,3,6,7

78 Apoptosis consists of 2 phases:

79 (i) Initiation Phase: During this period a group of enzymes
80 called caspases become catalytically active.
81 (ii) Execution Phase: This is characterized by activity of
82 another set of caspases leading to cell death. Caspases
83 are a family of proteases which have a cysteine at their
84 active site and cleave their target proteins at specific
85 aspartic acids (Cysteine requiring ASPartate proteASE
86 activity). Caspases exist as inactive precursors or pro-
87 caspases known as ‘‘initiator caspases’’. Once acti-
88 vated, the caspases go on cleaving and activating
89 other caspases resulting in an amplifying proteolytic
90 cascade.8

91

92 Some of the activated caspases (‘‘Effector caspases’’)
93 then cleave a number of key proteins in the cell, including
94 cystolic proteins and nuclear lamins, leading to a con-
95 trolled death of the cell. Procaspases can also be trig-
96 gered by activation of ‘‘death receptors’’ on the cell
97 surface. The adaptor proteins bind to the intracellular
98 region of aggregated proteins causing further aggregation
99 and subsequent cleavage of caspases. This initiates the

100 caspase cascade.8,9

101 An early and critical event during apoptosis is the acquisi-
102 tion of surface changes by the dying cells. Other changes also
103 take place, including expression of thrombospondin binding
104 sites, loss of sialic acid residues and exposure of the mem-
105 brane phospholipid, including phosphotidylserine.10

106 In viable cells, phosphotidylserine is located in the inner
107 leaflet of the plasma membrane. Phospholipid binding
108 cytoskeletal proteins such as spectrin and aminophospholipid
109 translocases are assumed to play a role for this asymmetric
110 distribution of phosphotidylserine. During apoptosis, the
111 equilibrium changes with an increasing appearance of phos-
112 photidylserine on the outer leaflet of the plasma membrane.
113 This activity is probably facilitated by unknown specific intrin-
114 sic membrane proteins. There is evidence for the transport
115 (flip-flop) of phosphotidylserine from the internal to the
116 external leaflet of the plasma membrane as a rapidly active
117 process facilitated by an ATP-dependent membrane
118 translocase-P.10,11

119 Phosphotidylserine exposure precedes the nuclear
120 changes which define apoptosis and also precedes the loss
121 of plasma membrane integrity by several hours. Apparently,
122 five separate membrane changes occur, which lead to recog-
123 nition of apoptotic cells by phagocytes. The scavenging cells
124 recognize the apoptotic cells due to the surface phospho-
125 tidylserine and other receptors, finally engulfing them. This
126 is done without any inflammatory reaction.11

127 The DARC technique utilizes these activities going on in
128 cells, specially the early exposure of phosphotidylserine to
129 the outer leaflet of plasma membrane, in order to detect
130 RGCs in the stage of apoptosis.

131DARC technique

132Annexin V is a Ca++ dependent phospholipid-binding pro-
133tein. It has high affinity for phosphotidylserine localized on
134the outer leaflet of cell membranes. Thus, Annexin V bound
135to phosphotidylserine has been utilized as a sensitive probe
136for the identification of apoptosing cells.12

137DARC technology has been tested on a number of animal
138models. In the Morrison rat model the intra-ocular pressure is
139elevated by injecting hypertonic saline into the episcleral
140veins. Dark Agouti rats have also been used as apoptosis
141models either by transecting the optic nerve 2–3 mm behind
142the eyeball (but sparing the vasculature) or by intravitreal
143injection of different doses of staurosporine. A similar stau-
144rosporine primate model has been developed in macaque
145monkeys. Annexin V is labeled with a fluorescent marker
146(such as fluorescein isothiocyante [FITC]). This Annexin
147V-FITC complex is then used as an intravitreal probe. The
148ideal dose of the fluoprobe is 2.5 lg in 5 ml of PBS for the
149rat and 25 lg in 5 ml of PBS for the primate model.4,5,13

150An argon laser of 488 nm wavelength is scanned across
151the retina to excite the fluoprobe. The emitted fluorescent
152rays are focused by a confocal aperture and pass through a
153pair of scanning mirrors. The fluorescence is detected by a
154solid-state photodetector, having a wide band-pass filter. A
155confocal scanning laser ophthalmoscope (cLSO) with image
156browser software is used to assess the retina. The software
157is able to compensate for any ocular movement and also
158improves the signal-to-noise ratio. The fluorescent white
159spots, representing apoptotic cells, are detected by a frame
160grabber and stored digitally (Fig. 1). The fluoprobe bound
161RGCs are then counted by manual, semi-automated or auto-
162mated techniques.13–16

163Manual labeling of the DARC spots can be done by the
164ImageJ ‘multi-point selections’ tool. Manual counting is
165regarded as the gold standard but it requires experience, is
166time-consuming, monotonous, non-reproducible and subject
167to observer bias.17,18

168A semi-automated system has been developed by Cor-
169deiro et al. In this procedure, the total number of apoptosing
170RGCs for each time point in vivo is calculated and an average
171density count per mm2 is generated. This DARC count is then
172utilized to assess disease activity in each eye, as well as the
173progression and response to treatment.14–16

174Another automated cell labeling technique uses a Matlab
175script. The ‘‘cells’’ are labeled in green and ‘‘non-cellular’’
176structures labeled in red. The script is designed to automat-
177ically count the total number of spots identified as cells.17

178Annexin V binding is often done in conjunction with a vital
179dye such as propidium iodide (Fig. 2). Viable cells with an intact
180plasma membrane exclude propidium iodide. However, in
181dead or damaged cells, the plasma membrane is leaky, allow-
182ing propidium iodide to leak inside. Thus, cells can be tracked
183over time. They can progress from Annexin V and propidium
184iodide negative (viable cells), to Annexin V positive/propidium
185iodide negative (early apoptosis) and finally, Annexin V and
186propidium iodide positive (end stage apoptosis and death).19

187Advantages of DARC

188There are other methods available for detection of apop-
189totic cells. These include loss of cell viability (failure to either
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