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Real-Time Imaging of Retinal Cell Apoptosis by Confocal Scanning Laser Ophthalmoscopy and Its Role in Glaucoma
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Glaucoma is one of the leading causes of irreversible blindness in the world. It is characterized by the progressive loss of retinal ganglion cells (RGCs), mainly through the process of apoptosis. Glaucoma patients often come to clinical attention when irreversible loss of visual function has been already established; therefore, early recognition of RGC apoptosis is inordinately important in disease prevention. The novel technology called Detection of Apoptosing Retinal Cells (DARC) allows real-time in vivo quantification of apoptosing cells through the use of a fluorescent biomarker and a confocal scanning ophthalmoscope. A recent Phase I clinical trial has evaluated the safety of DARC and its ability to detect retinal apoptosis in glaucoma patients and healthy volunteers. Results suggest that DARC may have potential in the early detection of glaucoma, which could help alleviate the medical, social, and economic burden associated with this blinding condition.
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INTRODUCTION

Glaucoma is one of the leading causes of blindness with over 70 million people affected worldwide and projected to be 80 million by 2020 (1). It is as an optic neuropathy characterized by cupping of the optic disk, thinning of the retinal nerve fiber layer, and visual field loss (2), caused by the death of retinal ganglion cells (RGCs) (3) predominantly mediated by the mechanism of programmed cell death, otherwise known as apoptosis (4). During apoptosis, cascades of enzymes are activated leading to a series of biochemical and morphological changes, including cell and nuclear shrinkage, chromatin condensation, DNA fragmentation, and bleb formation (5). It is at the level of the cell membrane that one of the key mechanisms of apoptosis takes place: the translocation of phosphatidylserine (PS) from the inner to the outer leaflet of the cell membrane (6). Although exposed PS acts as an “eat me” signal to phagocytes, it is also where the endogenous molecule Annexin 5 (ANX) binds (7). This property has been exploited for many years in the detection of apoptosis using fluorescently labeled ANX and recently utilized in the development of a novel in vivo retinal imaging technology called Detection of Apoptosing Retinal Cells (DARC) technology (8–11). DARC has potential in the early identification of patients with glaucoma before irreversible damage occurs (8). This review summarizes the development of the DARC technology and discusses its role in glaucoma and neurodegeneration.

BIOMARKERS AND APOPTOSIS

The annexins are a family of Ca2+-dependent proteins which bind to anionic phospholipids (12). Annexin V is a protein with a high affinity for PS (13). Translocation of PS from the inner to the outer leaflet of the cellular membrane is an early event in apoptosis and its identification is a potential biomarker for early detection of cell death. ANX has been used for many years in diagnostic in vitro assays for the identification of apoptotic cells in laboratory samples. In the last two decades, ANX has been conjugated to radioactive materials, such as Technetium-99, and used clinically to detect apoptosis in many conditions including breast cancer (14), non-Hodgkin’s lymphoma (15), myocardial infarction (16), and rectal cancer (17).

THE DEVELOPMENT OF DARC

The technique known as DARC has been developed over the last few years to initially to assess the degree of RGC apoptosis in experimental models of glaucoma (11, 18). More recently, it has also been used to investigate the occurrence of retinal cell apoptosis in other neurodegenerative disease models (19–21).

Although the loss of RGCs underlies the pathogenesis of glaucoma and other optic neuropathies, its degeneration is known to occur many years before any visual field defects are identified (22, 23). Patients are typically managed by serial measurements of intraocular pressure (IOP), retinal nerve fiber layer and optic disk imaging, as well as with visual field tests. However, these parameters alone may not be sufficient for monitoring glaucoma progression, as progressive visual field loss has been demonstrated in patients despite “well-controlled” IOP (24, 25). The gold standard for detecting glaucomatous changes remains standard automated white-on-white perimetry. It is a test that requires good patient cooperation, is time consuming, and can be inconsistent and variably interpreted (26). Visual field changes may not become apparent until the disease is well established and by then, irreversible damage has occurred.

The first in vivo use of DARC technology was demonstrated in experimental glaucoma in 2004 (20) where real-time visualization of a single nerve cell apoptosis through the eye’s clear optical media was recorded (Figure 1). Validation of the technique was established using ocular hypertensive and optic nerve transection models (20). Histological analyses were used to confirm the in vivo findings. Repeated assessment of the same eye over time with DARC has also shown promising results for its application in evaluating potential neuroprotective strategies (27, 28).
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FIGURE 1 | Visualization of nerve cell apoptosis. Retinal ganglion cell (RGC) apoptosis could be detected in vivo by using a modified cLSO with an argon laser (488 nm) for illumination and a wide band-pass filter with short-wavelength cutoff of a 521-nm filter and intravitreal Alexa-Fluor 488 fluorescent-labeled annexin 5. This was a model of staurosporine (SSP)-induced apoptosis. This rat’s eye was treated with intravitreal SSP (0.5 μg). This retinal image shows extensive RGC apoptosis (white spots, annexin 5-positive apoptotic cells).



Detection of apoptosing retinal cell has been validated in a few other experimental models of neurodegenerative disease and optic neuropathy, where is has been used to assess disease severity and treatment efficacy. Some studies investigate different neuroprotective strategies in a rat model of glaucoma (28) as well as novel potential methods of reversing optic neuropathy (29) as summarized in the table below (Table 1).

TABLE 1 | Summary of previous studies showing the use of DARC.
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Over the years, the technology has evolved. To date, the DARC technique is composed of intravenous injection of an infrared fluorescently labeled ANX (ANX776), followed by retinal imaging using specific wavelengths (excitation: 786 nm; photodetector barrier filter: 800 nm; emission: 815 nm) using a commercially available confocal scanning laser ophthalmoscope (cSLO) and indocyanine green angiography settings. One of the key elements of the confocal imaging instrumentation is the ability to focus on the inner retina layers, which permits capturing of the signal coming from the RNFL and GCL layers (33–35).

Aside from DARC, other methods of imaging and monitoring cellular apoptosis have been studied. For example, TCapQ is an experimental technique which utilizes an intracellular near-infrared fluorescent peptide probe for the in vivo visualization of apoptotic RGCs. It involves using a cell-penetrating Tat-peptide conjugated to an effector caspase recognition sequence, a quencher and a fluorophore (Alexa-Fluor 488) that is activated by caspase 3 and 7 in the cytoplasm of apoptotic cells (36). This technology detects effector caspase activity, which signifies an apoptotic cascade activation (37). However, this method is complex and requires intracellular delivery of molecular imaging probes to enable detection of apoptosis. It also involves intravitreal administration, which is invasive and not the most suitable method for clinical translation.

AAV vectors are a method of targeting gene expression, which can be used for fluorescently labeling RGCs and studying RGC number in vivo. These vectors have the ability to incorporate different promoters, which allows for high specificity in targeting RGCs. AAV vectors are administered via intravitreal injections, with the aim of quantifying cell density in vivo (38). Again, intravitreal injections are invasive not the best option for monitoring patients. Also, the use of viral vectors and gene delivery is still associated with complications, which would make this an unsuitable test to use routinely in patients.

Adaptive optics scanning light ophthalmoscopy (AOSLO) is a method of imaging the RGC layer in the human retina without using any cell labeling techniques. It is possible to use this imaging method to study the RGC layer in glaucoma using its ability to visualize individual cells, although RGC imaging is difficult due to their low contrast edges. Subcellular resolution can also demonstrate the changes that subcellular structures undergo during apoptosis in glaucoma (39). However, AO imaging requires heavy image processing, and optimal images are very sensitive to focus position and difficult to obtain. Moreover, it is impossible to image the whole retina using AOSLO, as the field of view is very limited. This again makes it a suboptimal method for monitoring overall glaucoma progression.

Detection of apoptosing retinal cell allows for a less invasive, patient-acceptable method of imaging RGCs in a wide field of view in the retina, which could be clinically useful in monitoring progression in patients with optic neuropathy.

CLINICAL USE OF DARC

Early detection of any disease is paramount and is one of the most important aspects of any diagnostic test (40). In glaucoma, where functional visual field damage is only detectable after at least 40% of RGCs are lost, there is an unmet need for an early diagnostic tool (41). Apoptosis is a key process in glaucoma; therefore, its evaluation should be of utmost importance. Prior to DARC technology, the only method of assessing apoptosis definitively was through post mortem histology (22, 33). Experimental data from animal glaucoma models have shown the potential for DARC to predict the rate of disease progression in humans (20, 33, 34). DARC could provide a rapid and effective means of detecting apoptotic RGCs that would allow earlier detection and thus, acting as a biomarker for novel treatment strategies.

Clinical trials of DARC have involved the intravenous (IV) administration of ANX776 and an assessment of retinal cell apoptosis with commercially available cSLO devices. IV administration of angiographic contrast solutions, such as sodium fluorescein and indocyanine green, is a well-established method in ophthalmology for imaging retinal diseases (42). Use of IV radiolabeled Annexin V has been shown to be safe in multiple clinical trials and indications, including heart transplantation (43), breast cancer (14), non-Hodgkin’s lymphoma (14), and myocardial infarction (15).

A recent Phase I study assessed the use of IV ANX776 to identify retinal cell apoptosis in humans (8). Briefly, the study has shown that apoptosing retinal cells can be seen in human patients as white fluorescent spots against a dark retinal background. The total number of spots makes up the DARC Count which gives a precise quantitative evaluation of cell damage at a given time point (Figure 2). In this Phase I trial, half the enrolled subjects were eight healthy volunteers and the other half were eight patients with progressive glaucoma. Although the trial was designed primarily to assess the safety and tolerability of ANX776 in patients, it showed that the DARC Count was significantly increased in glaucoma patients compared to healthy volunteers. Furthermore, the DARC Count correlated with increasing rates of glaucomatous progression. Importantly, ANX776 was shown to be safe and well tolerated with no serious adverse effects, such as anaphylaxis, arrhythmias, loss of consciousness, etc. There were single cases of mild and self-limiting adverse effects, for example, hematoma at the cannulation site and discomfort during phlebotomy, which were likely unrelated to ANX776. ANX776 is rapidly cleared from the human body and has a short half-life of about 10–36 min. The optimal dosing was determined based on the dose the better correlated with the highest level of DARC Counts (0.4 mg). Overall, the trial showed the potential of DARC as a method for detecting and assessing the level of neurodegeneration in glaucoma in vivo using RGC apoptosis as an indicator.
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FIGURE 2 | Detection of apoptosing retinal cell (DARC) count in a glaucoma patient. DARC counts are defined as new, unique individual ANX776-labeled spots, at their first appearance in the retina. ANX776 injections revealed single neuronal cell apoptosis in the retina of study subjects, and DARC counts are increased in affected glaucoma patients compared to healthy controls (8).



Currently, the DARC Phase II trial is being analyzed, having completed the patient intervention stage. It primarily aims to evaluate the efficacy of DARC in visualizing apoptotic retinal cells in patients with neurodegenerative diseases, including glaucoma, age-related macular degeneration, optic neuritis, and Down’s syndrome. Increasing evidence suggests the eye is involved in CNS diseases, such as Alzheimer’s disease (AD) and Parkinson’s diseases (PD). In particular it has been demonstrated, experimentally, that DARC can detect retinal cell death in vivo in a mouse model of AD (3XTG-AD) (19). Furthermore, DARC has been used to assess RGC apoptosis in an experimental model of PD, showing that retinal changes can be identified before classical histological changes in the brain occur (21).

FUTURE DIRECTIONS

Detection of apoptosing retinal cell is currently being evaluated in clinical trials, and its validation will become increasingly important as it compared to existing gold standards in identifying and monitoring disease progression. Although not yet assessed clinically, experimentally DARC has been shown useful in testing treatment efficacy in a variety of different neurodegenerative conditions such as AD (44) and PD (19, 21, 28). In PD, it was shown that retinal changes may be a good surrogate biomarker of disease progression and treatment efficacy (21). Similarly, DARC technology could potentially be applied to studying rare but visually devastating mitochondrial optic neuropathies such as Leber’s hereditary optic neuropathy and dominant optic neuropathy (45). In the next few years, it is anticipated that DARC will be investigated in clinical treatment trials with an exploratory endpoint.

As DARC continues to develop, its application to glaucoma as well as other optic neuropathies and neurodegenerative disease represents a novel in vivo approach to assessing disease progression. Earlier detection of glaucoma could potentially allow for more efficacious treatment, and reduce the global health burden of this leading cause of blindness.

AUTHOR CONTRIBUTIONS

EY and TA-M drafted the article. EY, EN, and MC edited the article for submission.

REFERENCES

1. Quigley HA, Broman AT. The number of people with glaucoma worldwide in 2010 and 2020. Br J Ophthalmol (2006) 90(3):262–7. doi:10.1136/bjo.2005.081224

2. Sample PA, Johnson CA. Functional assessment of glaucoma. J Glaucoma (2001) 10(5 Suppl 1):S49–52. doi:10.1097/00061198-200110001-00018

3. Sommer A. Intraocular pressure and glaucoma. Am J Ophthalmol (1989) 107(2):186–8. doi:10.1016/0002-9394(89)90221-3

4. Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol (2007) 35(4):495–516. doi:10.1080/01926230701320337

5. Fang EF, Scheibye-Knudsen M, Chua KF, Mattson MP, Croteau DL, Bohr VA. Nuclear DNA damage signalling to mitochondria in ageing. Nat Rev Mol Cell Biol (2016) 17(5):308–21. doi:10.1038/nrm.2016.14

6. Lebois M, Josefsson EC. Regulation of platelet lifespan by apoptosis. Platelets (2016) 27(6):497–504. doi:10.3109/09537104.2016.1161739

7. Munoz LE, Frey B, Pausch F, Baum W, Mueller RB, Brachvogel B, et al. The role of annexin A5 in the modulation of the immune response against dying and dead cells. Curr Med Chem (2007) 14(3):271–7. doi:10.2174/092986707779941131

8. Cordeiro MF, Normando EM, Cardoso MJ, Miodragovic S, Jeylani S, Davis BM, et al. Real-time imaging of single neuronal cell apoptosis in patients with glaucoma. Brain (2017) 140(6):1757–67. doi:10.1093/brain/awx088

9. Balendra SI, Normando EM, Bloom PA, Cordeiro MF. Advances in retinal ganglion cell imaging. Eye (Lond) (2015) 29(10):1260–9. doi:10.1038/eye.2015.154

10. Normando EM, Dehabadi MH, Guo L, Turner LA, Pollorsi G, Cordeiro MF. Real-time imaging of retinal cell apoptosis by confocal scanning laser ophthalmoscopy. Methods Mol Biol (2015) 1254:227–37. doi:10.1007/978-1-4939-2152-2_17

11. Normando EM, Turner LA, Cordeiro MF. The potential of annexin-labelling for the diagnosis and follow-up of glaucoma. Cell Tissue Res (2013) 353(2):279–85. doi:10.1007/s00441-013-1554-5

12. Carroll AD, Moyen C, Van Kesteren P, Tooke F, Battey NH, Brownlee C. Ca2+, annexins, and GTP modulate exocytosis from maize root cap protoplasts. Plant Cell (1998) 10(8):1267–76. doi:10.2307/3870639

13. Raynal P, Pollard HB. Annexins: the problem of assessing the biological role for a gene family of multifunctional calcium- and phospholipid-binding proteins. Biochim Biophys Acta (1994) 1197(1):63–93. doi:10.1016/0304-4157(94)90019-1

14. Kurihara H, Yang DJ, Cristofanilli M, Erwin WD, Yu DF, Kohanim S, et al. Imaging and dosimetry of 99mTc EC annexin V: preliminary clinical study targeting apoptosis in breast tumors. Appl Radiat Isot (2008) 66(9):1175–82. doi:10.1016/j.apradiso.2008.01.012

15. Barr PM, Lazarus HM, Cooper BW, Schluchter MD, Panneerselvam A, Jacobberger JW, et al. Phase II study of bryostatin 1 and vincristine for aggressive non-Hodgkin lymphoma relapsing after an autologous stem cell transplant. Am J Hematol (2009) 84(8):484–7. doi:10.1002/ajh.21449

16. Campian ME, Tan HL, van Moerkerken AF, Tukkie R, van Eck-Smit BL, Verberne HJ. Imaging of programmed cell death in arrhythmogenic right ventricle cardiomyopathy/dysplasia. Eur J Nucl Med Mol Imaging (2011) 38(8):1500–6. doi:10.1007/s00259-011-1817-x

17. Horisberger K, Erben P, Strobel P, Bohn B, Hahn M, Kahler G, et al. Annexin and survivin in locally advanced rectal cancer: indicators of resistance to preoperative chemoradiotherapy? Onkologie (2010) 33(8–9):439–44. doi:10.1159/000318145

18. Cordeiro MF, Migdal C, Bloom P, Fitzke FW, Moss SE. Imaging apoptosis in the eye. Eye (2011) 25(5):545–53. doi:10.1038/eye.2011.64

19. Cordeiro MF, Guo L, Coxon KM, Duggan J, Nizari S, Normando EM, et al. Imaging multiple phases of neurodegeneration: a novel approach to assessing cell death in vivo. Cell Death Dis (2010) 1:e3. doi:10.1038/cddis.2009.3

20. Cordeiro MF, Guo L, Luong V, Harding G, Wang W, Jones HE, et al. Real-time imaging of single nerve cell apoptosis in retinal neurodegeneration. Proc Natl Acad Sci U S A (2004) 101(36):13352–6. doi:10.1073/pnas.0405479101

21. Normando EM, Davis BM, De Groef L, Nizari S, Turner LA, Ravindran N, et al. The retina as an early biomarker of neurodegeneration in a rotenone-induced model of Parkinson’s disease: evidence for a neuroprotective effect of rosiglitazone in the eye and brain. Acta Neuropathol Commun (2016) 4(1):86. doi:10.1186/s40478-016-0346-z

22. Kerrigan-Baumrind LA, Quigley HA, Pease ME, Kerrigan DF, Mitchell RS. Number of ganglion cells in glaucoma eyes compared with threshold visual field tests in the same persons. Invest Ophthalmol Vis Sci (2000) 41(3):741–8.

23. Harwerth RS, Carter-Dawson L, Shen F, Smith EL III, Crawford ML. Ganglion cell losses underlying visual field defects from experimental glaucoma. Invest Ophthalmol Vis Sci (1999) 40(10):2242–50.

24. Anderson DR, Drance SM, Schulzer M; Collaborative Normal-Tension Glaucoma Study Group. Factors that predict the benefit of lowering intraocular pressure in normal tension glaucoma. Am J Ophthalmol (2003) 136(5):820–9. doi:10.1016/S0002-9394(03)00478-1

25. The effectiveness of intraocular pressure reduction in the treatment of normal-tension glaucoma. Collaborative Normal-Tension Glaucoma Study Group. Am J Ophthalmol (1998) 126(4):498–505.

26. Phu J, Khuu SK, Yapp M, Assaad N, Hennessy MP, Kalloniatis M. The value of visual field testing in the era of advanced imaging: clinical and psychophysical perspectives. Clin Exp Optom (2017) 100(4):313–32. doi:10.1111/cxo.12551

27. Guo L, Moss SE, Alexander RA, Ali RR, Fitzke FW, Cordeiro MF. Retinal ganglion cell apoptosis in glaucoma is related to intraocular pressure and IOP-induced effects on extracellular matrix. Invest Ophthalmol Vis Sci (2005) 46(1):175–82. doi:10.1167/iovs.04-0832

28. Guo L, Salt TE, Maass A, Luong V, Moss SE, Fitzke FW, et al. Assessment of neuroprotective effects of glutamate modulation on glaucoma-related retinal ganglion cell apoptosis in vivo. Invest Ophthalmol Vis Sci (2006) 47(2):626–33. doi:10.1167/iovs.05-0754

29. Guo L, Davis B, Nizari S, Normando EM, Shi H, Galvao J, et al. Direct optic nerve sheath (DONS) application of Schwann cells prolongs retinal ganglion cell survival in vivo. Cell Death Dis (2014) 5:e1460. doi:10.1038/cddis.2014.399

30. Maass A, von Leithner PL, Luong V, Guo L, Salt TE, Fitzke FW, et al. Assessment of rat and mouse RGC apoptosis imaging in vivo with different scanning laser ophthalmoscopes. Curr Eye Res (2007) 32(10):851–61. doi:10.1080/02713680701585872

31. Galvao J, Davis B, Tilley M, Normando E, Duchen MR, Cordeiro MF. Unexpected low-dose toxicity of the universal solvent DMSO. FASEB J (2014) 28(3):1317–30. doi:10.1096/fj.13-235440

32. Galvao J, Elvas F, Martins T, Cordeiro MF, Ambrosio AF, Santiago AR. Adenosine A3 receptor activation is neuroprotective against retinal neurodegeneration. Exp Eye Res (2015) 140:65–74. doi:10.1016/j.exer.2015.08.009

33. Garcia-Valenzuela E, Shareef S, Walsh J, Sharma SC. Programmed cell death of retinal ganglion cells during experimental glaucoma. Exp Eye Res (1995) 61(1):33–44. doi:10.1016/S0014-4835(95)80056-5

34. Quigley HA, Nickells RW, Kerrigan LA, Pease ME, Thibault DJ, Zack DJ. Retinal ganglion cell death in experimental glaucoma and after axotomy occurs by apoptosis. Invest Ophthalmol Vis Sci (1995) 36(5):774–86.

35. Jakobs TC, Libby RT, Ben Y, John SW, Masland RH. Retinal ganglion cell degeneration is topological but not cell type specific in DBA/2J mice. J Cell Biol (2005) 171(2):313–25. doi:10.1083/jcb.200506099

36. Bullok K, Piwnica-Worms D. Synthesis and characterization of a small, membrane-permeant, caspase-activatable far-red fluorescent peptide for imaging apoptosis. J Med Chem (2005) 48(17):5404–7. doi:10.1021/jm050008p

37. Qiu X, Johnson JR, Wilson BS, Gammon ST, Piwnica-Worms D, Barnett EM. Single-cell resolution imaging of retinal ganglion cell apoptosis in vivo using a cell-penetrating caspase-activatable peptide probe. PLoS One (2014) 9(2):e88855. doi:10.1371/journal.pone.0088855

38. Boye SE, Alexander JJ, Witherspoon CD, Boye SL, Peterson JJ, Clark ME, et al. Highly efficient delivery of adeno-associated viral vectors to the primate retina. Hum Gene Ther (2016) 27(8):580–97. doi:10.1089/hum.2016.085

39. Rossi EA, Granger CE, Sharma R, Yang Q, Saito K, Schwarz C, et al. Imaging individual neurons in the retinal ganglion cell layer of the living eye. Proc Natl Acad Sci U S A (2017) 114(3):586–91. doi:10.1073/pnas.1613445114

40. Nielsen C, Lang RS. Principles of screening. Med Clin North Am (1999) 83(6):1323–37. doi:10.1016/S0025-7125(05)70169-3

41. Zeyen T. Target pressures in glaucoma. Bull Soc Belge Ophtalmol (1999) 274:61–5.

42. Bennett TJ, Barry CJ. Ophthalmic imaging today: an ophthalmic photographer’s viewpoint – a review. Clin Experiment Ophthalmol (2009) 37(1):2–13. doi:10.1111/j.1442-9071.2008.01812.x

43. Blankenberg FG, Katsikis PD, Tait JF, Davis RE, Naumovski L, Ohtsuki K, et al. In vivo detection and imaging of phosphatidylserine expression during programmed cell death. Proc Natl Acad Sci U S A (1998) 95(11):6349–54. doi:10.1073/pnas.95.11.6349

44. Javaid FZ, Brenton J, Guo L, Cordeiro MF. Visual and ocular manifestations of Alzheimer’s disease and their use as biomarkers for diagnosis and progression. Front Neurol (2016) 7:55. doi:10.3389/fneur.2016.00055

45. Maresca A, la Morgia C, Caporali L, Valentino ML, Carelli V. The optic nerve: a “mito-window” on mitochondrial neurodegeneration. Mol Cell Neurosci (2013) 55:62–76. doi:10.1016/j.mcn.2012.08.004

Conflict of Interest Statement: MC has a patent application concerning DARC technology. The other authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Yang, Al-Mugheiry, Normando and Cordeiro. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fneur-09-00338-t001.jpg
Optic neuropathy ~ Title of study Label Findings Reference
model
Rat Real-time imaging of single nerve cell apoptosis ~ Anxwith  Neuronal apoptosis in the eye of a living animal couldbe  Gordeiro et al. (20)
Gaucoma (oHT) " fetinal neurodegeneration. ;\lse:(z;luor observed in real time using fluorescent-labeled annexin
Optic nerve Proceedings of the National Academy of Science
transection
Rat glaucoma Retinal ganglion cell (RGC) apoptosis in Anxwith  RGC apoptosis in glaucoma strongly correlates with Guoetal. (27)
glaucoma is related to intraocular pressure (IOP)  Alexa-Fluor  raised IOP and is significantly associated with IOP-induced
and I0P-induced effects on extracellular matrix  488tag  changes in the RGC layer
Rat glaucoma Assessment of neuroprotective effects of Anxwith  RGC apoptosis was induced in rats by staurosporine (SSP)  Guo et al. (26)
glutamate modulation on glaucoma-related RGC  Alexa-Fluor  treatment. This novel SSP model was validated as a useful
apoptosis in vivo 488tag tool for screening neuroprotective strategies in vivo
Ratandmouse  Assessment of rat and mouse RGC apoptosis  Anxwith  Fluorescent points (FPs) used as a measure of RGC Maass et al. (30)
glaucoma imaging in vivo with different scanning laser Alexa- Fluor ~ apoptosis in vivo were detected in the mouse eye but only
(SSP-induced RGC ~ ophthalmoscopes 488tag  with the HRAIl and ot the Zeiss confocal scanning laser
cell death) ophthaimoscope
Ratandmouse  Imaging multiple phases of neurodegeneration:  Anxwith  Anincrease in retinal apoptosis induced by oxidative stress  Cordeiro et al. (19)
glaucoma anovel approach to assessing cel deathin vivo  Alexa-Fluor  could be detected as a measure of disease activty
488 tag or
ANX776
Rat (DMSO Unexpected low-dose toxicity of the universal ~ ANX776  The study was to demonstrate that DMSO induced refinal  Galvao et al. (31)
solvent-induced  solvent, DMSO apoptosis at low concentrations, with toxicity detected at
retinal apoptosis) levels >1%v/v using AnxAS
Ratopticnerve  Direct optic nerve sheath (DONS) application of ~ Anxwith A new method of delivery of Schwann cells for reversing ~ Guo et al. (29)
transection model  Schwann celis prolongs RGG survivalinvivo  Alexa- Fluor _ optic neuropathy and used DARG to visualize RGG
488tagor  apoptosis as an outcome of successful rescue
ANX776
Rat ischemia- Adenosine A3 receptor activation Anxwith  DARG revealed a reduction of RGC apoptosis in the eyes  Galvao et al. (32)
reperfusionand  is neuroprotective against retinal AexaFluor  treated with A3 agonist, compared to untreated control in
partial optic nerve  neurodegeneration 488 tag partial optic nerve transection model—assessing its use as.

transection model

neuroprotective endpoint

Adapted from Cordeiro et al. (8). OHT, ocular hypertension.





OPS/images/cover.jpg
frontiers
in Neurology

Real-Time Imaging of Retinal
Cell Apoptosis by Confocal
Scanning Laser Ophthalmoscopy
and Its Role in Glaucoma





OPS/images/fneur-09-00338-g001.jpg





OPS/images/fneur-09-00338-g002.jpg





OPS/images/logo.jpg
Ghesk for

i@





