
 

The Rho-kinase Signaling Pathway in  

Tenon’s Capsule Fibroblasts and Retinal Ganglion Cells: 
A novel pharmacological target for improving the outcomes of filtration 

surgery and promoting retinal cell survival in glaucoma 
 
 
 
 
 
 

DISSERTATION 
 
 

zur Erlangerung des Grades eines Doktors  

der Naturwissenschaften 

 

 

 

der Fakultät für Biologie 

und 

der Medizinischen Fakultät 

der Eberhard-Karls-Universität Tübingen 

 
 
 

vorgelegt  

von 

 

AYŞEGÜL TURA 
 

aus Istanbul, Türkei 
 
 

2007 
 



 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Tag der mündlichen Prüfung:  13. 6. 2007 

 

Dekan der Fakultät für Biologie:  Prof. Dr. F. Schöffl 

Dekan der Medizinischen Fakultät: Prof. Dr. I. B. Autenrieth 

 

1. Berichterstatter:    Prof. Dr. S. Grisanti 

      Dr. S. Henke-Fahle 

2. Berichterstatter:    Prof. Dr. H. J. Wagner 

 

Prüfungskommission:   Prof. Dr. R. Feil 

      Prof. Dr. K. Kohler 

      Prof. Dr. H. Wolburg 

 



 

 

 

 

 
 
 
 
 
Erklärungen 
 
 
Ich erkläre hiermit,  
 

1. dass ich bisher keine Promotions- oder entsprechende Prüfungsverfahren abgebrochen 
oder abgeschlossen habe. 

 
2. dass die vorgelegte Dissertation noch nie ganz oder teilweise als Dissertation oder 

sonstige Prüfungsarbeit eingereicht worden ist und bereits teilweise in „Investigative 
Ophthalmology & Visual Science“ veröffentlicht wurde. 

 
3. dass ich die zur Promotion eingereichte Arbeit mit dem Titel:„ The Rho-kinase Signaling 

Pathway in Tenon’s Capsule Fibroblasts and Retinal Ganglion Cells: A new 
pharmacological target for improving the outomes of filtration surgery and promoting 
retinal cell survival in glaucoma“ selbstständig verfasst, nur die angegebenen Quellen 
und Hilfsmittel benutzt und wörtlich oder inhaltlich übernommene Stellen als solche 
gekennzeichnet habe. Ich versichere an Eides statt, dass diese Angaben wahr sind und 
dass ich nichts verschwiegen habe. Mir ist bekannt, dass die falsche Abgabe einer 
Versicherung an Eides statt mit Freiheitsstrafe bis zu drei Jahren oder mit Geldstrafe 
bestraft wird. 

 
4. dass ich bisher weder strafrechtlich verurteilt, noch Disziplinarmaßnahmen und 

anhängigen Straf- und Disziplinarverfahren unterzogen worden bin. 
 
 
 
 
 
Tübingen, den 13.6.2007              ……………………………………………. 

(Unterschrift) 

 
 
 
 



 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 

Acknowledgements 
 

I would like to thank Dr. Sigrid Henke-Fahle for providing me the opportunity to conduct this 

comprehensive project. I also appreciate her valuable suggestions and friendly support. 

 

I am grateful to Prof. Salvatore Grisanti for his constructive advices and continuous 

motivation throughout my work. I also thank Dr. Frank Schüttauf for the productive 

collaboration. 

 

I feel indebted to Prof. Karl Ulrich Bartz-Schmidt for allowing me the opportunity to conduct 

my research further at the University Eye Hospital, Tübingen. I would like to thank Prof. 

Ulrich Schraermeyer for his kind support, as well.  

 

I should not forget to mention the readiness of Prof. Horst Herbert to help along whenever I 

encountered difficulties and the considerate efforts of the late Prof. Werner J. Schmidt. I am 

also indebted to Prof. Hans-Joachim Wagner, Prof. Hartwig Wolburg, Prof. Konrad Kohler 

and Prof. Robert Feil who kindly spared their time to evaluate my work. 

 

My particular gratitude goes to Prof. Philippe P. Monnier for not only the inspiring discussions 

but also for his patience and genuine friendship. 

 

I also express my thanks to PD Dr. Bernhard K. Müller and Dr. Sabine Hirsch for their 

friendly encouragement.  

 

I owe Dr. Peter Szurman special thanks for his immeasurable support at difficult times. 

 

I am also grateful to my colleagues at the Breuninger Labor for the pleasant working 

atmosphere, particularly to Dr. Ana Sierra for always being a “comadre” and to Dr. Martin 

Spitzer, Claudia Riedinger, Monika Wild, Sigrid Schultheiss, Helga Möller, Christel Fischer-

Lamprecht, Dr. Qi Zhu, Dr. Peter Heiduschka, Antje Biesemeier, Sven Schnichels, Kai 

Januschowski, Judith Birch, Sabine Hofmeister, and Monika Rittgarn for their sincere 

friendship.  

 

Finally I would like to thank all the members of my family for their endless support.  

 



 



 

 i 
 

 
 
 
 
 
1. INTRODUCTION…………………………………………………..…... 
 

1 

 1.1. Glaucoma and the major risk factors …...…………………………………. 1
 1.2. Possible mechanisms of retinal ganglion cell death in glaucoma............ 3
 1.2.1. Neurotrophic factor deprivation…………………………………..… 4
 1.2.2. Ischemia of the anterior optic nerve…………………………..….... 4

 1.2.3. Glutamate excitotoxicity…….....……………………………………. 5
 1.2.4. Oxidative stress………..…………………………………………….. 5
 1.2.5. Glial cell activation……………………….…………….…………….. 7
 1.2.6. Apoptosis of retinal ganglion cells…..……………………………… 10

 1.3. Current approaches of glaucoma treatment and their limitations……..… 11
 1.3.1. Pharmacological treatment of glaucoma…………..………………. 11
 1.3.2. Surgical treatment of glaucoma…………………..………………… 11
 1.3.3. Postoperative wound healing – an initially protective attempt 

 resulting in the failure of glaucoma filtration surgery…………….. 12
  1.4. The possible role of the Rho-kinase/ROCK signalling pathway in     

        postoperative wound healing and retinal cell damage…………………… 13
 1.5. The aim of the study…………………………………………..……………... 17
   
   
2. MATERIALS AND METHODS…………………………………...……. 19 
   
 2.1. Chemicals, culture reagents, assay kits, and other materials…..……….. 19
 2.1.1. Chemicals and solutions………………………..…………………… 19
 2.1.2. Cell and tissue culture reagents……………..……………………... 21
 2.1.3. Assay kits……………………………………..………………………. 21
 2.1.4. Other materials………………………………..……………………… 21
 2.2. Buffers and solutions………………..……………………………………….. 22
 2.3. Cell culture………………………..…………………………………………… 28
 2.3.1. Culture of human Tenon’s capsule fibroblasts……………..……... 28
 2.3.2. Growing fibroblasts on collagen-coated coverslips……..………... 28
 2.3.3. Culture of RGC-5 cells…………………………………..…………... 29
 2.3.4. Trypsinization of the cells……………………………..…………….. 29
 2.4. Tissue culture………………………………………………...……………….. 30
 2.4.1. Retinal flat mounts…………………………………..……………….. 30
 2.4.2. Incubation of retinal flat mounts in the conditioned medium of    

          retina or optic nerve…………………............................................. 
30

 2.4.3. Incubation of retinal flat mounts with reduced 
glutathione (GSH)…………………………………………………………… 

30

 2.4.4. Determining the level of total glutathione in retina…………..…… 31
 2.5. Analyzing the wound healing activities of human Tenon’s capsule  

       fibroblasts……………………………………………………………………… 33
 2.5.1. MTT Test………………………………………….……..……………. 33
 2.5.2. Bromodeoxyuridine (BrdU)-incorporation………..………………... 33
 2.5.3. Migration of fibroblasts on collagen gels………..…………………. 34



 

 

 

ii

 2.5.4. Scratch (wound) Assay……………………..……………………….. 34
 2.5.5. Contraction assay……………………..……………………………... 35
 2.6. Cytotoxicity assays…………………………...………………………………. 36
 2.6.1. Ethidium homodimer-1 (EthD-1) staining……..…………………… 36
 2.6.2. Lactate dehydrogenase (LDH) assay……...………………………. 36
 2.7. Staining of cultured cells and retinae…………...………………………….. 38
 2.7.1. Alexa488-Phalloidin Staining………..……………………………… 38
 2.7.2. DAPI staining of fibroblasts embedded in collagen gels…..…….. 38
 2.7.3. Immunofluorescence staining of fibroblasts and RGC-5 cells..…. 38
 2.7.4. Preparing cryosections of collagen gels and flat mounted       

          retinae…………………………………………….............................. 39
 2.7.5. Immunohistochemistry (IHC) on the sections of retinae and         

          collagen gels…………………………………..……………………… 39
 2.7.6. IHC on flat-mounted retina…………………………………..……… 39
 2.8. Protein purification………………………………………………..………….. 42
 2.8.1. Protein extraction from cells………………………..……………….. 42
 2.8.2. Protein extraction from retinae……………………..………………. 42
 2.8.3. Determining the protein concentration by Bradford assay……..... 42
 2.8.4. Determining the protein concentration by bichinchoninic acid  

          (BCA) assay…………..………………………………………………. 43
 2.9. SDS-Polyacrylamide gel electrophoresis (PAGE) and Western blot..….. 44
 2.9.1. SDS-PAGE……………………………………………..…………….. 44
 2.9.2. Non-denaturing gel electrophoresis………………..………………. 44
 2.9.3. Silver staining of gels……………………………..…………………. 45
 2.9.4. Transfer of proteins onto nitrocellulose membranes ..…………… 46
 2.9.5. PonceauS staining………………………………..………………….. 47
 2.9.6. Western blot……………………………………..……………………. 47
 2.9.7. Signal detection by NBT/BCIP…………………..………………….. 47
 2.9.8. Signal detection by 4-chloro-1-naphthol……..……………………. 48
 2.9.9. Signal detection by enhanced chemiluminescence (ECL)………. 48
 2.10. Cytokine arrays……………………………………………...………………. 50
 2.10.1. Membrane-based mouse cytokine array…………………………. 50
 2.10.2. Bio-Plex flow cytometric cytokine assay…………..……………... 50
 2.11. Protein database search and sequence analysis………..……..……….. 51
 2.12. In vivo effects of H-1152P after optic nerve crush………..……………... 52
 2.13. Statistical analysis……………………………………………..……………. 52
   
   
3. RESULTS………………………………………………………..………. 
 

53 

 3.1. Effect of ROCK Inhibition on the wound healing activities of human         
       Tenon’s capsule fibroblasts……………...………………………………….. 53

 3.1.1. Optimal concentration of the ROCK inhibitor H-1152P…..……… 53
 3.1.2. Anti-proliferative effect of H-1152P………………………..………. 55
 3.1.3. Short-term application of H-1152P………………………..……….. 56
 3.1.4. Rearrangement of the actin cytoskeleton in response to  

          H-1152P………………………………………………………………. 
58

 3.1.5. Fibroblast migration in response to H-1152P………..……………. 60
 3.1.6. Effect of H-1152P on collagen gel contraction………..…………... 63
 3.1.7. Specificity of H-1152P action……………………….…..…………... 65



 

 iii 
 

 3.2. Effect of ROCK inhibition on retinal cell survival…………..……………… 67
 3.2.1. Time course of cell damage in retinae under serum deprivation..   67
 3.2.2. Neuroprotective effect of H-1152P on the ganglion cell layer…... 68
 3.2.3. Reduced caspase-3 activation in response to H-1152P……..….. 70
 3.2.4. Specificity of H-1152P action in mouse retinal cells………..……. 72

 3.2.5. Decrease in astrocyte reactivity in response to ROCK inhibition.. 75
 3.2.6. H-1152P induced changes in the levels of proteins released     

          from the retina and the optic nerve……………….………………...  80
 
 

3.2.7. Reduction in the toxicity of the conditioned media of retina and  
          optic nerve incubated with H-1152P……………………………….. 81

 3.2.8. Characterization of the secreted proteins…..……………………... 85
 3.2.9. Changes in the cytokine profile of the conditioned medium of the  

          retina and optic nerve in response to ROCK-Inhibition………..… 89
 3.2.10. Effect of H-1152P in the presence of exogenous    

          glutathione..…………………………………………………………… 92
 3.2.11. Effect of H-1152P on the level of total glutathione after 

          24 hours of serum deprivation……………….……………………... 93
 3.3. Effect of ROCK-inhibition on RGC-5 cells…………………………………. 94

 3.3.1. Concentration dependent effects of H-1152P on the survival of     
          serum starved RGC-5 cells……………………………………….... 94

 3.3.2. Reduced caspase-3 activation in serum starved RGC-5 cells   
          treated with H-1152P…………………………………..……………. 96

 3.3.3. Specificity of H-1152P action in RGC-5 cells…………..…………. 96
 3.4. Effect of ROCK-inhibition on retinal ganglion cell survival after optic 

nerve crush…………………………………………………………………………. 
 
 

100

4. DISCUSSION………………………………………………………... 
  

102 

 4.1. Influence of ROCK-signalling on the wound healing activities of human  
       Tenon’s capsule fibroblasts………………………………………………..... 102

 4.2. Influence of ROCK-signalling on retinal cell survival…………..………… 106
  4.2.1. Effect of ROCK inhibition on retinal cell survival in isolated 

mouse retinae under serum deprivation…………………………………... 106
  4.2.2. The concentration dependent effects of ROCK inhibition on the 

survival of RGC-5 cells..…………………………………………………….. 
113

  4.2.3. Effect of ROCK inhibition on retinal ganglion cell survival after 
optic nerve crush………………………………………..…………………… 120

 
5. SUMMARY…………………...…………………………………….…. 

 
123 

 
6. ABBREVIATIONS…………..……….………….…….……………….. 

 
127 

 
7. REFERENCES……………………………………………….………….. 

 
132 

 
PUBLICATIONS…………………………………………………………... 

 
156 

 
LEBENSLAUF…………..……………..…………………………………… 

 
157 





 

 

1 

 

1. INTRODUCTION 
 

1.1. Glaucoma and the major risk factors 
 Glaucoma represents a group of optic neuropathies characterized by the 

progressive loss of retinal ganglion cells and their axons comprising the optic nerve. 

Degeneration of the ganglion cell axons impedes the transmission of visual 

information from the eye to the brain and results in the atrophy of the optic nerve. 

This in turn gives rise to irreversible visual field defects leading to blindness when left 

untreated.1-3 According to the estimates of World Health Organisation in 1997, 105 

million people were affected by glaucoma worldwide, with 5 million of them being 

legally blind.4 Currently, this ocular neurodegenerative disease remains to be a 

leading cause of blindness particularly in industrialized countries.5, 6 
 

The major risk factors identified for glaucoma include advancing age, family 

history of glaucoma, history of ocular trauma, African descent, vasospasmic 

disorders, and most frequently, elevated intraocular pressure (IOP).5-7 Elevated IOP 

arises when aqueous humor, the fluid providing structural and nutritional support to 

the anterior chamber of the eye, accumulates due to excess production by the ciliary 

body or insufficient drainage through the trabecular meshwork and uveoscleral 

pathways.8 Depending on the degree of aqueous humor accumulation in the anterior 

chamber, the IOP may rise to levels that compromise the survival of retinal ganglion 

cells or their axons particularly at the level of the lamina cribrosa, the connective 

tissue in the optic nerve head through which the retinal ganglion cell axons and 

central retinal vessels pass (Figure 1).9, 10 Yet, elevated IOP appears unlikely to be 

the sole initiator of glaucomatous optic nerve damage since approximately one-sixth 

of the patients suffer from glaucoma despite IOP levels in the normal range.11 

Moreover, a significant proportion of the patients experience ongoing vision loss even 

after the pharmacological or surgical reduction of IOP, suggesting the presence of 

other factors impeding the survival of the ganglion cells rescued from the primary 

damage. Therefore, considerable attention was directed to the characterization of the 

mechanisms underlying retinal ganglion cell death for developing alternative 
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therapeutic strategies aiming to prevent further visual field loss by maintaining the 

remaining retinal ganglion cells and their axons alive and functional.12 

 

 

 
 
Figure 1. Mechanisms of IOP elevation accounting for the loss of retinal ganglion 
cells in two distinct types of glaucoma. Elevated IOP may cause the compression of 
the optic nerve head and impede the survival of retinal ganglion cells. The 
degeneration of the ganglion cell axons in turn results in the collapse and posterior 
bowing of the optic nerve head, referred to as the “cupping” of the optic nerve head, 
the most characteristic clinical feature of glaucoma.10 However, the glaucomatous 
damage to the retinal ganglion cells and their axons can also occur or proceed in the 
absence of elevated IOP suggesting the involvement of additional risk factors 
(modified from the illustration available from Research to Prevent Blindness 
Organization, www.rpbusa.org/library_content.php?document_id=56). 
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1.2. Possible mechanisms of retinal ganglion cell death in 

glaucoma 

 Experiments on isolated cells as well as on animal models of glaucoma 

allowed for the identification of several mechanisms that may be simultaneously 

responsible for the ganglion cell death in glaucoma. These mechanisms can be 

summarised as neurotrophic factor deprivation, ischemia of the anterior optic nerve, 

glutamate induced excitotoxicity, oxidative stress, and glial cell activation. Evidence 

also indicates that these diverse mechanisms converge on a final common apoptotic 

pathway accounting for the removal of damaged retinal ganglion cells (Figure 2).13, 14 

 

 
 

  
 
 
 
Figure 2. Proposed mechanism leading to retinal ganglion cell death in glaucoma. 
ONH: optic nerve head, BDNF: brain derived neurotrophic factor; NOS: nitric oxide 
synthase, RGC: retinal ganglion cell (modified from Kuehn et al., 2005).13 
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1.2.1. Neurotrophic factor deprivation 
The neurotrophic hypothesis suggests that the growth and maintenance of 

mammalian neurons depend on the retrograde transport of neurotrophins released 

from the target organ of a neuron.15 Neurotrophins are small proteins that, upon 

binding to their receptors initiate events regulating cellular metabolism, homeostasis, 

proliferation, differentiation, and survival.16 The survival of retinal ganglion cells was 

reported to be particularly dependent on the availability of the  brain-derived 

neurotrophin factor (BDNF) secreted by the superior colliculus.17, 18 Evidence from 

experimental studies indicate that elevated IOP causes the compression of the 

cribriform plates as observed in the human glaucomatous eyes19 and blocks the 

axonal transport of labelled BDNF,20 suggesting the impairment in the retrograde 

transport of neurotrophic factors as a possible mechanism threatening retinal 

ganglion cell survival. 

 

 

1.2.2. Ischemia of the anterior optic nerve 
Blood flow to the anterior optic nerve depends on the perfusion pressure which is 

expressed as the difference between arterial blood pressure and IOP.21 Elevation of 

IOP may therefore result in the obstruction of blood flow, i.e. ischemia, to the optic 

nerve.13 Ischemia threatens cell survival not only due to the shortage of oxygen and 

metabolites, but also by inducing the production of oxygen free radicals and other 

reactive oxygen species, which react with and damage a number of cellular and 

extracellular elements.22, 23 

 

 The hypoperfusion theory of glaucomatous damage gains further support from 

the clinical association of vascular disorders such as migraine and Raynaud’s 

syndrome with normal-tension glaucoma.13 Moreover, the exogenous application of 

the vasoconstrictor peptide endothelin-1 was shown to reduce optic nerve blood flow 

and induce ganglion cell death in animal models in the absence of elevated IOP,24, 25 

suggesting the possible involvement of ischemic factors in the generation of ganglion 

cell damage regardless of the level of IOP. 
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1.2.3. Glutamate excitotoxicity 
Glutamate is an essential amino acid functioning as the major excitatory 

neurotransmitter in the central nervous system (CNS). Glutamate excitotoxicity arises 

when the extracellular levels of glutamate are elevated either due to increased 

release or reduced uptake from the synapse. Though glutamate activates several 

types of cell receptors, its toxic effects are attributed mainly to the N-methyl-D-

aspartate (NMDA) receptors which allow the influx of excessive amounts of calcium 

in response to high levels of glutamate. Calcium present in abnormally high 

intracellular concentrations activates nucleases, proteases, and lipases that attack 

cell constituents, resulting in the generation of highly reactive free radicals and nitric 

oxide which eventually activate the apoptotic programme.1, 13, 26 

 

 Retinal ganglion cells express a wide range of glutamate receptors including 

the NMDA-subtype27 and are highly vulnerable to glutamate excitotoxicity in culture 

as well as in animal models.28, 29 In addition, the intraocular injection of glutamate 

causes the excavation of the optic nerve as observed in glaucomatous eyes in 

neonatal mice.30 The strongest support for the possible role of glutamate 

excitotoxicity in glaucoma emanated from an earlier study demonstrating a two-fold 

increase in the vitreal levels of this amino acid in human glaucoma patients as 

compared to controls.31 Yet, the inability to confirm this finding in human 

glaucomatous eyes32 as well as in an experimental model of glaucoma in subsequent 

studies33 gave rise to a certain degree of controversy.34 Nevertheless, current 

findings demonstrating the significant reduction in the levels of glutamate 

transporters and the neuroprotective effects of certain glutamate receptor antagonists 

in animal models of glaucoma underscore the need for further investigations in this 

field. 

 

 

1.2.4. Oxidative stress 
Reactive oxygen species (ROS) are partially reduced metabolites of oxygen 

generated as by-products of normal oxygen metabolism in the mitochondria and as 

second messengers in various signal transduction pathways.35 These unstable 

intermediates include free radicals containing highly reactive unpaired electrons, 
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such as superoxide (O2
_

.), nitric oxide (NO.) and hydroxyl radical (OH.) as well as 

other molecular species like hydrogen peroxide (H2O2) and peroxynitrite (ONOO
-
).36 

The strong tendency of ROS to interact with macromolecular cellular constituents to 

achieve a more stable configuration can result in the oxidative modification of 

proteins, lipid peroxidation of membranes, and nucleic acid breakdown, with 

detrimental effects on cell integrity and function.  

 

 All cells utilize complex systems of antioxidants like glutathione (GSH), and 

the vitamins E and C as well as the enzymes superoxide dismutase, catalase, 

glutathione peroxidase, glutathione reductase, and glutathione-s-transferase to 

maintain a reducing environment.35, 37, 38 However, the levels of ROS can prevail the 

antioxidant capacity especially when the cells are in an energetically low state, 

resulting in oxidative stress implicated in a large number of pathological conditions 

including neurodegenerative disorders like glaucoma.35 Experimental evidence from 

animal models of IOP elevation and retinal ischemia indeed demonstrated a 

significant decrease in retinal antioxidants and a parallel increase in the levels of 

ROS.39, 40 This imbalance in the redox state of retinal cells was also associated with 

lipid peroxidation and the oxidative modification of proteins particularly in the inner 

retinal layers and ganglion cells,41-43 suggesting the possible role of oxidative stress 

in glaucomatous damage.  

 

 Recently, light falling on the retina was proposed as an additional risk factor in 

glaucoma based on the demonstration of light-induced ROS release from 

mitochondria and the apoptosis of cultured, transformed retinal ganglion cells in 

response to excessive light exposure under serum deprivation.44 This hypothesis was 

further supported by the energy requirements of the ganglion cell axons in the nerve 

fiber layer. The ganglion cell axons become myelinated from the level posterior to the 

lamina cribrosa onwards whereas in the nerve fiber layer they remain 

unmyelinated.45, 46 Since the transmission of neural information in unmyelinated 

axons requires higher energy to operate efficiently, the ganglion cell axons in the 

nerve fiber layer are richly provided with mitochondria47-50 and are therefore likely to 

be more susceptible to oxidative stress particularly after prolonged light exposure. 
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1.2.5. Glial cell activation  
In the CNS, each neuron is outnumbered by approximately 10 glial cells which are 

specialized for performing activities essential for neuronal function and homeostasis. 

The major types of glial cells in the CNS include oligodendrocytes forming the myelin 

sheath that insulates the axons electrically, microglia representing the phagocytic 

immune cells of the CNS, and astrocytes, star-shaped or elongated cells performing 

various functions like the regulation of the extracellular ionic environment and pH, 

synthesis of growth factors, metabolites, and glutathione, release and removal of 

glutamate, modulation of synaptic transmission, and maintenance of the blood-brain-

barrier. Oligodendrocytes, microglia, and astrocytes constitute the glial cells of the 

optic nerve45, 51, 52 whereas the Müller cells, radial glia spanning the entire width of 

the retina with their end-feet forming the inner and outer limiting membranes, 

represent the most abundant type of glial cells in the retina. Being closely associated 

with all the retinal neurons, the Müller cells execute vital functions like the 

maintenance of the retinal extracellular milieu in homeostasis, release of 

neurotrophic factors, uptake and degradation of glutamate, and the secretion of the 

antioxidant glutathione.53 In addition to Müller cells, astrocytes distributed along with 

the ganglion cell axons throughout the nerve fiber layer (except for the nonvascular 

areas) and microglia are also present in the retina.54, 55 

 

 The transition of quiescent astrocytes to the activated phenotype represents 

one of the earliest and most remarkable responses of the CNS to mechanical, 

ischemic, and various other types of insults. Though this reactivity may be initiated as 

an effort to maintain homeostasis and normal neuronal function under stress 

conditions,56 activated astrocytes can also participate in the pathologic course of 

neuronal damage.57-59 Astrocyte reactivity after CNS injury is characterized by the 

upregulation of glial fibrillary acidic protein (GFAP), an intermediate filament which 

confers stability to and allows the hypertrophy of astrocytic processes.60 This event, 

presumably required for the formation of a glial network for sensing and responding 

to diverse disturbances, is also observed particularly in the Müller cells and optic 

nerve head astrocytes in human glaucomatous eyes61, 62 and experimental models of 

glaucoma.63-65 
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 Activation of astrocytes in the optic nerve head appears to persist during the 

chronic course of neurodegeneration in glaucoma and is associated with the 

upregulation of certain extracellular matrix molecules such as collagen, 

proteoglycans, and adhesion molecules.66-70 However, the expression of matrix 

metalloproteinases, proteolytic enzymes degrading almost all the components of 

extracellular matrix, is also significantly increased in the ONH astrocytes, indicating 

extensive tissue remodelling that may allow for the migration of astrocytes to the 

injury area.71, 72 This remodelling can eventually alter the biomechanical properties of 

the optic nerve head and increase the vulnerability of the remaining tissue to forces 

induced by elevated IOP.56, 73 

 

 Likewise, the reactivity of the Müller cells can also lead to the dysregulation of 

the supportive functions executed by these cells under normal conditions, resulting in 

the disturbance of the retinal glutamate metabolism and ion homeostasis.53 Activation 

of the Müller cells as well as the optic nerve head and retinal astrocytes by simulated 

ischemia or elevated hydrostatic pressure also results in the secretion of nitric 

oxide.74-77 Though the release of this vasodilator molecule might represent an 

attempt to counteract ischemia,78, 79 higher concentrations of nitric oxide can give rise 

to the formation of free nitrogen radicals and other ROS that facilitate the apoptotic 

death of retinal ganglion cells.80 In addition, reactive astrocytes release various 

proinflammatory cytokines, such as tumor necrosis factor(TNF)-alpha, interleukin(IL)-

1 beta, IL-6, and interferon(IFN)-gamma that can initiate a neurodegenerative 

inflammatory response.81-82 TNF-alpha also exerts direct toxicity on retinal ganglion 

cells by promoting nitric oxide generation.76 A previous immunohistochemical study 

demonstrating the expression of TNF-alpha protein and mRNA predominantly in the 

retinal glial cells with an accompanying expression of the TNF-alpha receptor in the 

retinal ganglion cells of human glaucomatous eyes83 provided further support for the 

possible role of TNF-alpha in the damage of retinal ganglion cells in glaucoma.  

 

 A noteworthy observation particularly in glaucoma patients having normal IOP 

is the presence of serum autoantibodies directed against retinal antigens.84, 85 The 

autoantigens identified so far include proteins contributing to cellular defence 

mechanisms, such as the heat shock proteins86, 87 which stabilize the actin 

cytoskeleton under environmental stress88 and glutathione-s-transferase,89 a 
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detoxification enzyme neutralizing free radicals.90, 91 Autoantibodies to the 

proteoglycans in the optic nerve head and cell walls of blood vessels, which may 

weaken the extracellular matrix supporting the lamina cribrosa or its vasculature, 

have also been reported in the sera of certain glaucoma patients.13, 85 Owing to their 

ability to release cytokines and function as antigen presenting cells, reactive 

astrocytes and microglia are implicated in the generation of this abnormal immune 

response which may contribute to the initiation and/or progression of 

neurodegeneration in glaucoma.92-94 Activated astrocytes and Müller cells also 

proliferate to establish a glial scar possibly to occupy the spaces left by damaged 

neurons.95, 96 However, the expression of various repulsive axon guidance cues on 

the surface of this glial scar constitutes a serious obstacle to axon regeneration after 

injury.97, 98 The extent of glial cell reactivity therefore appears to be a critical 

determinant in the transformation of an initially protective attempt to a severe 

response facilitating the spread of secondary degeneration even after the removal of 

the primary cause of neural damage in glaucoma (Figure 3). 

 

  
 

Figure 3. The potential supportive/protective (white boxes) and destructive (gray 
boxes) roles of activated glial cells in glaucoma (adapted from Tezel and Wax, 
2003).56 
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1.2.6. Apoptosis of retinal ganglion cells 
Regardless of the initiating cause, all optic neuropathies converge on a final common 

event represented by retinal ganglion cell death. Evidence from experimental models 

as well as from human subjects demonstrates that the activation of an intrinsic 

“suicide” program at least partly accounts for the loss of retinal ganglion cells 

exposed to various stress factors implicated in glaucoma.99-101 This suicide program, 

referred to as apoptosis, involves a genetically coded cascade of biochemical events 

executed for the removal of unneeded or seriously damaged cells without eliciting an 

inflammatory response.15 

 

  The cells undergoing apoptosis exhibit particular morphological alterations 

characterized by the loss of adhesion, cellular contraction, condensation of the 

cytoplasm and chromatin, and blebbing of the cell membrane. These alterations 

facilitate the packaging of cellular organelles into membrane-bound apoptotic bodies 

to prevent the leakage of potentially toxic intracellular molecules and thereby protect 

the neighbouring cells from an inflammatory injury. The apoptotic bodies are 

subsequently removed by phagocytosis at the final step of the apoptotic pathway.102-

104 

 

 Apoptosis can be initiated by either an extrinsic pathway upon the binding of 

extracellular death promoting ligands (such as TNF-alpha and FasL) to their 

respective receptors on the cell surface or an intrinsic pathway triggered by the 

release of diverse pro-apoptotic factors, like cytochrome c, from mitochondria due to 

loss of mitochondrial integrity.105, 106 Both pathways lead to the activation of 

caspases, a family of intracellular proteases that cleave various cellular proteins at 

aspartate residues. Activation of caspases in turn gives rise to a cascade of 

proteolytic cleavage events that result in the morphologic changes characteristic of 

apoptotic cells.107 
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1.3. Current approaches of glaucoma treatment and their 

limitations 
 Despite the extensive research to identify manageable therapeutic targets for 

maintaining the retinal ganglion cells alive and functional, the current treatment of 

glaucoma relies on pharmacological or surgical interventions all aimed at lowering 

the IOP for preventing further injury.5, 108 

 

 

1.3.1. Pharmacological treatment of glaucoma 
Glaucoma treatment is usually initiated by the topical administration of medications 

that act on the IOP by reducing the formation or promoting the drainage of aqueous 

humor.108, 109 Among these medications brimonidine, a selective alpha-2 adrenergic 

agonist, represents to our knowledge the only molecule that could also directly exert 

neuroprotective effects on retinal ganglion cells by increasing the levels of BDNF in 

experimental models of glaucoma.110, 111 However, the pharmacological treatment 

can in some instances give rise to ocular or systemic side effects and may not be 

able to sufficiently lower the IOP particularly at an advanced stage of the disease, 

rendering the surgical treatment indispensable.112, 113 

  

 

1.3.2. Surgical treatment of glaucoma 
The laser trabeculoplasty represents one surgical alternative to lower the IOP by 

reducing the resistance of trabecular meshwork against aqueous humor outflow 

using laser energy. However, this operation may not be adequate to perform in 

certain types of glaucoma or be effectual in lowering the IOP in some patients.112, 114 

Glaucoma filtration surgery is the most frequently applied procedure for reducing the 

IOP in such patients that failed to respond well to pharmacological therapy or laser 

treatment.5, 115, 116 Depending on the type and stage of glaucoma, filtration surgery 

may even be recommended prior to trying medical or laser treatment.112 The purpose 

of the filtration surgery is to create a scleral fistula that enables the drainage of 

aqueous humor from the anterior chamber to the subconjunctival space (Figure 4). 

Though this method attains an immediate effect on lowering the IOP, the 
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postoperative wound healing within the filtration area often occludes the artificial 

fistula and prevents the long-term success.117-119 

    

 

 
 
Figure 4. Schematic representation of the glaucoma filtration surgery performed for 
creating a new passage for aqueous humor drainage from the anterior chamber 
(image obtained from the Digital Journal of Ophthalmology of Harvard University, 
http://www.djo.harvard.edu/site.php?url=/patients/pi/420#). 
 

 

 

1.3.3. Postoperative wound healing – an initially protective 

attempt resulting in the failure of glaucoma filtration surgery 
The wound healing process in response to injury represents a protective attempt of 

the organism for re-establishing tissue integrity.120 However, this event may give rise 

to undesirable consequences in certain cases, such as the obstruction of the 

drainage site created by glaucoma filtration surgery. The wound healing response to 

the tissue trauma induced by filtration surgery is initiated by the formation of a fibrin 

clot that transiently covers the injury site. This is followed by an inflammatory reaction 

during which the foreign particles are removed by neutrophils and macrophages.119 

The platelets and macrophages also release molecules like platelet derived growth 

factor (PDGF) and transforming growth factor-beta (TGF-β), which stimulate the 

fibroblasts from Tenon’s capsule, the condensed connective tissue surrounding the 

posterior part of the eye.121-123 The activated fibroblasts from Tenon’s capsule 

migrate into the cleaned wound area and start proliferating to replace the lost cells. 
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These fibroblasts also deposit new extracellular matrix, and acquire contractile 

properties, facilitating the closure of the wound and ultimately resulting in the 

occlusion of the created fistula.124, 125 

 

A variety of pharmacological agents such as corticosteroids and 

antimetabolites have been in clinical use in order to increase the success rate of 

filtration surgery.126 These substances modulate the postoperative wound healing by 

suppressing the inflammation and preventing fibroblast proliferation, respectively. 

However, some antimetabolites such as fluorouracil and mitomycin C exert their 

effect by causing cell death,127, 128 and diffusion into adjacent ocular tissues may 

result in impairment of cells other than the targeted ones,129, 130 inducing vision 

threatening complications. This risk eventually necessitated the attempts to develop 

safer strategies, such as the administration of monoclonal anti-TGF-ß antibodies,131 

photoablation at the site of surgery,132 and application of decorin, a naturally 

occurring proteoglycan inhibiting TGF-β and PDGF. 133 

 

 

 

1.4. The possible role of the Rho-kinase/ROCK signalling 

pathway in postoperative wound healing and retinal cell 

damage 
The wound healing response of fibroblasts comprises dynamic events like 

proliferation, motility, and contractility, which require the continuous remodelling of 

the actin cytoskeleton. Identifying the intracellular signaling pathways that govern the 

cytoskeletal arrangement in Tenon’s capsule fibroblasts might therefore constitute 

the basis of alternative therapies specifically targeting the key mediators of these 

cascades. A central role in the organization of the actin cytoskeleton during various 

motile events is attributed to the RhoA protein from the Rho family of small GTPases, 

rendering this signaling pathway a likely candidate as the mediator of the wound 

healing activities of Tenon’s capsule fibroblasts.134  
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The Rho family of GTPases comprises small molecular weight proteins that 

act as molecular switches in response to extracellular signals, being either inactive, 

in their GDP-bound state, or active in the GTP-bound state. The cycling of Rho-

GTPases between the active and inactive states is strictly regulated by the degree of 

their association with GDP dissociation inhibitors (GDI) and GTPase accelerating 

proteins (GAP) which favour the inactive state, and the exchange of GDP for GTP by 

guanine nucleotide exchange factors (GEF) which promotes the active state. 

Activated Rho-GTPases then bind to various effector proteins that transmit the 

signals downstream (Figure 5).135-137  

 

   
   Figure 5. Regulation of Rho-GTPase activity. 

 

The Rho-associated coiled-coil kinase (Rho kinase/ROCK) was the first 

effector of RhoA to be characterized and found to be executing the majority of the 

events downstream of RhoA.138 ROCK is a ubiquitously expressed serine-threonine 

protein kinase that mainly promotes myosin II activity by inhibiting the myosin light 

chain phosphatase and possibly by directly phosphorylating the myosin light chain. 

This in turn favors the assembly of actin-myosin filaments that generate the tensile 

strength underlying the RhoA-ROCK associated dynamic events such as the 

contraction of smooth muscle cells as well as the adhesion, motility, and cell-cycle 
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progression in numerous cell types.139 The RhoA-ROCK pathway can also regulate 

gene expression secondary to the cytoskeletal alterations.140, 141 

 

As the research on the functions of ROCK progressed, the ROCK-dependent 

contractility was found to be a mechanism operating in a wide variety of cells 

including those of the ciliary muscle and trabecular meshwork. Administration of the 

ROCK inhibitors HA-1077 (fasudil), Y-27632, and H-1152P was reported to be 

inducing the relaxation of these cells by suppressing the phosphorylation of myosin 

light chain and thereby promoting the outflow of aqueous humor.142-144 Moreover, a 

very recent study reports the activation of RhoA in human Tenon’s capsule 

fibroblasts stimulated with TGF-beta and the reduction in the TGF-beta induced 

fibroblast contractility in response to the ROCK inhibitors mentioned above,145 

providing the first evidence for the involvement of the RhoA-ROCK pathway in an 

essential aspect of wound healing in these cells.  

 
Interestingly, activation of ROCK by either the GTP-bound RhoA or via the 

caspase mediated cleavage of its autoinhibitory domain is implicated in the 

contraction of cells observed in the early phase of apoptosis as well (Figure 6).104 

Activation of this signaling pathway, an event stimulated by the repulsive axon 

guidance cues during development, is also likely to be underlying the collapse of the 

neurite network, another early feature of neuronal apoptosis.146, 147 The inhibition of 

RhoA-ROCK signaling therefore emerges as a possible strategy for preventing or 

slowing-down apoptosis and axon degeneration in the CNS. The therapeutic 

potential of RhoA-inhibition on the latter event has indeed been the subject of 

numerous studies which yielded promising results in various models of CNS injury 

including optic nerve damage. In one study, retinal ganglion cell axons labeled 

anterogradely following optic nerve crush could be detected distal to the injury site in 

rats treated with the RhoA inhibitor C3.148 In a very recent study, the regeneration of 

axotomized ganglion cells into a peripheral nerve graft was significantly enhanced 

after multiple injections of C3 alone or in combination with cyclicAMP and ciliary 

derived neurotrophic factor. Treatment with C3 is also reported to have increased 

ganglion cell survival in this study, providing important evidence for the role of RhoA 

pathway in axon degeneration and the subsequent neuronal death.149 However, 

concerning the downstream RhoA effector mediating these effects, not much is 
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known so far except for the possible involvement of ROCK in NMDA-induced 

neurotoxicity in rat retinae demonstrated by the reduction in cell loss in the ganglion 

cell layer and the increase in retinal thickness in response to fasudil treatment.150 

 

  
 
Figure 6. ROCK activation by Rho-GTP or caspases leads to the phosphorylation of 
various downstream targets favoring the generation of contractile force in apoptosis. 
Activated LIM kinases stabilize the filamentous actin by phosphorylating and 
inactivating the actin severing protein cofilin. The ROCK-dependent inhibition of CPI-
17 and calponin relieves the inhibition of myosin ATPase activity of these proteins 
and further promotes the generation of actin-myosin contractile force. The activated 
ezrin-radixin-moesin (ERM) proteins contribute to the RhoA-ROCK mediated 
signaling by facilitating the association of activated RhoA with the plasma membrane 
where it can exert its effects locally.104 
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1.5. The aim of the study  
 The findings outlined above signify the potential of ROCK-inhibition as an ideal 

glaucoma treatment that may accomplish not only the reduction of IOP but also the 

suppression of the undesirable wound healing following filtration surgery as well as 

the promotion of axon regeneration and retinal ganglion cell survival. However, a 

more detailed characterization of the events mediated by the RhoA-ROCK pathway 

in cells implicated in the onset and progress of glaucoma are still required to assess 

the feasibility of this approach. The present study therefore addresses the influence 

of the ROCK-signaling pathway on the major wound healing activities of Tenon’s 

capsule fibroblasts and the survival of retinal cells particularly at the ganglion cell 

layer. In this work, the impact of ROCK-signaling was studied using H-1152P, the 

most specific of the commercially available ROCK inhibitors at present.151 This 

approach therefore allowed for analyzing the efficiency and safety of ROCK-inhibition 

as a strategy to modulate the activities of Tenon’s capsule fibroblasts and retinal cells 

as well. 
 

The possible role of the ROCK-signaling pathway in the wound healing 

activities of Tenon’s capsule fibroblasts was analyzed in vitro on human cells 

stimulated with serum. The outcomes of H-1152P treatment on the proliferation, 

survival, and cytoskeletal organization of Tenon’s capsule fibroblasts were 

characterized by biochemical and morphological analyses. Furthermore, the role of 

H-1152P in fibroblast motility and collagen gel contraction were investigated with 

particular emphasis on the extent of fibronectin network assembly. Lastly, the 

specificity of H-1152P was analyzed by Western blot to ensure that the observed 

effects reflected the outcomes of ROCK-inhibition in these cells. 

 

Analyzing the response of retinal cells to H-1152P treatment constituted 

another essential part of this work not only for demonstrating the possible 

neuroprotective effect of this ROCK-inhibitor but also to ensure the absence of 

adverse effects on the retina, since several medications applied topically to the eye 

were found to be able to reach the posterior segment at concentrations sufficient for 

pharmacological activity.152 In this study, the effect of H-1152P treatment on the 

survival of retinal cells was initially investigated in vitro on retinal explants cultured in 
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the absence of serum. This stringent model combining the axotomy of retinal 

ganglion cells with serum deprivation enabled the characterization of the response of 

various retinal cells under stress since the multilayered structure of the retina could 

be conserved for a longer period of time despite the unfavorable conditions. The 

effect of H-1152P treatment on the survival of retinal cells was studied by histological 

evaluations with particular emphasis on the ganglion cell layer. The extent of glial cell 

reactivity was also determined by immunohistochemistry and Western blot as an 

indicator of tissue stress. Furthermore, the specificity of H-1152P was analyzed as 

described for the Tenon’s capsule fibroblasts. The outcomes of H-1152P 

administration on the release of various cytokines as well as the total level of 

glutathione were further extra- and intracellular events characterized to provide more 

insight into the mechanisms of H-1152P action in retinal cells. 

 

To elucidate the direct effect of H-1152P on retinal ganglion cells, RGC-5 

cells, a transformed retinal ganglion cell line offering a convenient alternative to 

characterize the response of retinal ganglion cells in vitro,153 were also used in this 

study. The RGC-5 cells were incubated without serum to simulate the depletion of 

trophic support to the retinal ganglion cells as observed upon injury to the optic nerve 

in vivo. The outcomes of H-1152P treatment on the survival of serum deprived RGC-

5 cells as well as the specificity of this inhibitor were analyzed by fluorescence 

microscopy and immunocytochemistry.  

 

To analyze the neuroprotective potential of H-1152P in vivo, we also initiated a 

collaboration with Dr. Frank Schüttauf from the University Eye Hospital in Tübingen, 

in which we studied the influence of H-1152P administration on the survival of 

ganglion cells after optic nerve crush. The extent of glial cell reactivity was also 

determined with the aim of providing the first clues to the events associated with 

ROCK-signaling after damage to the retinal ganglion cells in vivo. 
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2. MATERIALS AND METHODS 
 

2.1. Chemicals, culture reagents, assay kits, and other 

materials 

 
2.1.1. Chemicals and solutions 

• Acetic acid, anhydrous (100%), Merck, Darmstadt, Germany, # 100063 

• Acrylamide, Serva, Heidelberg, Germany, # 10675 

• Alexa488-phalloidin, Molecular Probes, Eugene, OR, # A12379 

• Ammonium persulfate, Bio-Rad, Munich, Germany, # 123453A 

• BCIP, Roche Applied Science, Penzberg, Germany, # 11 383 221 001 

• Bisacrylamide, Serva, # 29195 

• Bovine serum albumin, Serva, # 11930 

• Bromophenol blue, sodium salt, Serva, # 15375 

• 4-chloro-1-naphthol, Sigma-Aldrich, Steinheim, Germany, # C-8890 

• Coomassie brilliant blue G-250, Serva, # 17525 

• DAPI, Molecular Probes, # D1306 

• Dimethylsulfoxide (DMSO), Merck, # 102950 

• Ethanol, Merck, # 100983 

• Ethidium homodimer-1, Molecular Probes, # E-1169 

• D(+)-Glucose, Sigma-Aldrich, # G-7021 

• L-Glutamine, ROTH, Karlsruhe, Germany, # 3772 

• Glutathione (reduced, GSH), Sigma-Aldrich, # G-6013  

• Glycerol, Merck, # 104093 

• Glycine, Merck, # 104169 

• H-1152P, Calbiochem / Merck, # 555550 

• 30% H2O2, Merck, # 107209 
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• Hepes (1M), Serva, # 47260 

• para-Hydroxycoumaric acid, Sigma-Aldrich, # C-9008 

• Kaleidoscope Prestained Protein Standard, Bio-Rad, # 161-0375 

• KCl, Fluka / Sigma-Aldrich, # 60132 

• KH2PO4, Merck, # A591973 

• Kodak developer & replenisher solution, Sigma-Aldrich, # P7042 

• Kodak fixer & replenisher solution, Sigma-Aldrich, # P7167 

• Low molecular Weight Biotinylated Protein Standard, Bio-Rad, # 161-0308 

• Luminol, Sigma-Aldrich, # A-4685 

• 2-Mercaptoethanol, ROTH, # 4227.1 

• Methanol, Merck, # 106009 

• MgCl2, Fluka, # 63068 

• Mowiol, Hoechst, Frankfurt, Germany, # 4-80 

• Na2EDTA.2H2O, ROTH, # 8043 

• Na2HPO4, Merck, # A414386 

• NaCl, Merck, # 106404 

• NaOH pellets, Merck, # 106498 

• NBT, Roche Applied Science, # 11 383 213 001 

• NP-40, Fluka, # 74385 

• Paraformaldehyde, Merck, # 104005 

• ortho-Phosphoric acid, 85%, Merck, # 100573 

• PonceauS, Sigma-Aldrich, # P-3504 

• 2-Propanol, Merck, # 100994 

• Protease inhibitor cocktail, Sigma-Aldrich, # P8340 

• Sodium dodecyl sulphate (SDS), Serva, # 20783 

• D(+)-Sucrose, ROTH, # 4621.1 

• TEMED, Serva, # 35925 

• Tris base (MW:121.14), Sigma-Aldrich, # T1503 

• Tris-HCl (MW:157.60), Boehringer Mannheim, # 812846 

• Triton X-100, Serva, # 37240 

• Tween-20, Merck, # 822184 
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2.1.2. Cell and tissue culture reagents 
• Bovine dermal collagen solution (~3 mg/ml), CELLON, Strassen, 

 Luxembourg  

• Collagen type I, from rat tail, lyophilized, Roche Applied Science, # 1 179 

179 

• D-MEM/F-12 (1:1), with phenolrot, without L-Glutamine (for cell culture),  
 Gibco / Invitrogen, Carlsbad, CA, # 21 331-020 

• D-MEM/F-12 (1:1) without phenolrot, with L-Glutamine (for retina culture),  
 Gibco, # 21 041-025 

• Fetal bovine serum, Gibco, # 10270 - 106 

• 10X Modified Eagle’s Medium (MEM), Gibco, # 11700 - 069 

• Penicillin/Streptomycin, Gibco, # 15140 - 122 

• Phosphate buffered saline (PBS), without Ca++ and Mg++, for cell culture, 
Gibco, # 14190 - 094 

• 1X Trypsin-EDTA (0.25% Trypsin with EDTA 4Na), Gibco, # 25200 - 072 
 

2.1.3. Assay kits 
• ApoGSH Total Glutathione Kit, BioVision, Mountain View, CA, # K261-100 

• BCA assay, Pierce, Rockford, IL, # 23235 

• BrdU Cell Proliferation assay, Calbiochem, # QIA58 

• Mouse Cytokine Antibody Array I, RayBiotech Inc., Norcross, GA,  

 # M0308001  

• LDH, Roche Applied Science, # 1 644 793 

• Silver staining kit, Bio-Rad, # 161-0443                                          
 

2.1.4. Other materials 
• Cellulose nitrate filter, 0.45 µm pore size (for retina culture), Sartorius, 

Göttingen, Germany, # 13006-50-N 

• Kodak X-Omat AR Film, Sigma-Aldrich, # F5888 

• Millex GS 0.22 µm filter unit, Millipore, Billerica, MA, # SLGSO33SS 

• Nitrocellulose membrane (for Western blot), Schleicher & Schuell, Münster, 

Germany, # 401396 
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• OCT compound, Sakura Finetec, Torrance, CA, # 4583 

• Superfrost slides, R. Langenbrick, Teningen, Germany, # 03-0060 

• Whatman No.1 paper, Schleicher & Schuell, # 426690 

 
 
 
 

2.2. Buffers and solutions 
 

30% acrylamide / 0.8% bisacrylamide (37.5:1) 
After dissolving 300 g acrylamide in approximately 500 ml Milli-Q water, 8 g 

bisacrylamide was added into the solution and stirred well. The volume was adjusted 

to 1 liter using Milli-Q water. The solution was filtered through Whatman No.5 filter 

paper and stored at 4°C protected from light. 

 

Alkaline phosphatase buffer  
100 mM Tris-HCl    

100 mM NaCl   

5 mM MgCl2        

Dissolved in 900 ml dH2O. 

The pH of the solution was adjusted to 9.5 and the final volume was brought to 1 liter 

with dH20. The solution was stored at 4°C. 

 

1X blotting buffer 
10X blotting buffer     100 ml 

Methanol      200 ml 

Milli-Q water      700 ml 

Stirred well under a fume hood. 
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10 X blotting buffer 
0.2 M Tris-base    

1.5 M glycine      

0.002% sodium dodecyl sulphate (SDS)     

Volume was adjusted to 1 liter with Milli-Q water. 

 

Cell lysis buffer 
50 mM Tris-HCl, pH 7.4    

150 mM NaCl    

1% NP-40      

1 mM EDTA                                                       

Tris-HCl was dissolved in approximately 75 ml of dH2O and the pH was adjusted to 

7.4. NaCl, NP-40, and EDTA were then added and the volume was adjusted to 100 

ml using dH2O. The solution was stored at 4°C. The protease inhibitor cocktail was 

added into the aliquots of cell lysis buffer at a final concentration of 1% (v/v) shortly 

before use. 

 

4-chloro-1-naphthol stock solution (30 mg/ml) 
0.3 g of 4-chloro-1-naphthol was dissolved in 10 ml methanol, aliquotted into 1.5 ml 

microfuge tubes wrapped in aluminum foil, and stored at -20°C. 

 

Coomassie brilliant blue solution (for Bradford Assay) 
100 mg Coomassie brilliant blue G-250     

50 ml 95% ethanol (v/v)       

100 ml 85% ortho-phosphoric acid (v/v)    

The volume was adjusted to 1 liter using dH2O. The solution was filtered through 

Whatman No.1 filter paper and stored at 4°C. 

 

Enhanced chemiluminescence (ECL) solution A 
50 mg Luminol was dissolved in 200 ml of 0.1 M Tris-HCl (pH 8.6) and stored at 4°C. 
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ECL solution B 
11 mg para-Hydroxycoumaric acid was dissolved in 10 ml of DMSO and stored at 

room temperature protected from light. 

 

0.5 M EDTA, pH 8 
93.05 g of Na2EDTA.2H2O was dissolved in 400 ml of dH2O by stirring vigorously. 

The pH was adjusted to 8.0 by adding approximately 10 g NaOH pellets and the 

volume was brought to 500 ml with dH2O. The solution was sterile filtered using 0.22 

µm filters and stored at room temperature. 

 

1 X electrophoresis buffer (denaturing) 
100 ml 10X electrophoresis buffer    

10 ml 10% SDS (v/v)      

The volume was adjusted to 1 liter using Milli-Q water. 

 

1 X electrophoresis buffer (non-denaturing) 
Prepared as the 1 X denaturing electrophoresis buffer omitting SDS and replacing 

the volume with MilliQ water. 

 

10 X electrophoresis buffer 
250 mM Tris    

1.9 M glycine       

Dissolved in a total volume of 1 liter Milli-Q water. 

 

Ethidium homodimer-1 (EthD-1) stock solution (2 mM) 
Under a laminar flow hood, 583.6 µl of 1:4 DMSO/dH2O mixture (v/v) was added into 

the vial containing 1 mg EthD-1 (MW=856.77) and mixed well. The stock solution 

was aliquotted at 20-50 µl into 500 µl tubes wrapped in aluminum foil and stored at -

20°C. 
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0.1% glucose-PBS (w/v) 
D-glucose was dissolved in sterile PBS (culture grade) at a final concentration of 

0.1% (w/v) and sterile filtered using 0.22 µm filters under a laminar flow hood. Stored 

at 4°C. 

 

H-1152P (10 mM stock solution) 
Under a laminar flow hood, 1 mg of H-1152P was dissolved in 255 µl sterile dH2O, 

aliquotted into sterile 500 µl tubes wrapped in aluminum foil, and stored at -20°C.  

 

2X Laemmli sample buffer 
62.5 mM Tris, pH 6.8     

2% SDS (w/v)       

10% glycerol (v/v)       

0.1% bromophenol blue, Na+ salt (w/v)   

5% beta-mercaptoethanol (v/v)     

The volume was adjusted to 10 ml using dH2O and the aliquots were stored at -20°C. 

The non-denaturing sample buffer was prepared as above omitting SDS and beta-

mercaptoethanol.  

 

Mowiol 
15 mg Mowiol was dissolved in 60 ml of phosphate buffered saline (PBS) by stirring 

overnight. 30 ml glycerol was added and the stirring was continued overnight. The 

solution was then centrifuged at 1500 rpm for 30 minutes to precipitate the 

undissolved Mowiol. The supernatant was aliquotted at 10 ml and stored at -20°C. 

 

MTT lysis solution 
50 g SDS      

3 ml 100% anhydrous acetic acid    

497 ml DMSO         

Stored at room temperature 
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MTT stock solution (5 mg/ml) 
0.25 g MTT     

50 ml PBS          (cell culture grade, without Ca++ and Mg++)  

MTT pulver was dissolved in PBS by rotating overnight protected from light. The 

solution was sterile filtered using 0.22 µm filters and stored at 4°C. 

 

4% paraformaldehyde (w/v) 
4 g paraformaldehyde   

100 ml PBS                                                   

Stirred under fume hood and heated to approximately 60°C until the solution 

appeared clear. Stored at 4°C. 

 

1X PBS 
136.9 mM NaCl    

2.7 mM KCl    

8.1 mM Na2HPO4   

1.47 mM KH2PO4        

Volume adjusted to 1 liter using dH2O. Stored at room temperature. 

 

PonceauS solution 
0.1 g PonceauS  

200 µl acetic acid anhydrous     

Volume adjusted to 20 ml using dH2O. Prepared shortly before use. 

 

10% SDS (w/v) 
50 g SDS was dissolved in approximately 400 ml Milli-Q water and the volume was 

adjusted to 500 ml with Milli-Q water. 
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Tissue homogenization buffer 
50 mM Tris-HCl, pH 7.4    

2 mM MgCl2      

100 mM NaCl     

1% NP-40 (v/v)       

10% glycerol           

Tris-HCl was dissolved in approximately 75 ml of dH2O and the pH was adjusted to 

7.4. NaCl, MgCl2, NP-40, and glycerol were then added and the volume was 

adjusted to 100 ml using dH2O. The solution was stored at 4°C. The protease 

inhibitor cocktail was added into the aliquots of cell lysis buffer at a final 

concentration of 1% (v/v) shortly before use. 

 

1 M Tris 
121.14 g of Tris-base was dissolved in 800 ml dH2O. After adjusting the pH to the 

desired value, the final volume was brought to 1 liter using dH2O. 

 

10X Tris-buffered saline (TBS) 
100 mM Tris      

1.5 M NaCl      

The volume was adjusted to 1 liter using dH2O. The solution was diluted 1/10 with 

dH2O to prepare 1X TBS. 
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2.3. Cell culture 
 

2.3.1. Culture of human Tenon’s capsule fibroblasts 
Samples of human Tenon´s capsule were obtained from five patients undergoing 

glaucoma filtration surgery. The tenets of the Declaration of Helsinki were followed 

for the collection of human material and informed consent was obtained from the 

subjects after explanation of the nature and possible consequences of the study. 

Strips of tissue were placed into Petri dishes in a laminar flow hood, dissected into 1-

2 mm cubes and transferred into 10 mm-Petri dishes filled with a few ml of complete 

medium (DMEM/F-12 (1:1) with phenol red supplemented with 10% fetal bovine 

serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin) 

sufficient to cover the tissue pieces. Sterile coverslips of 5 mm-diameter were placed 

on each tissue to facilitate the adhesion of the pieces to the dish and to ensure their 

immersion into the medium. The Petri dishes were maintained at 37°C in a humidified 

atmosphere of 5% CO2. The fibroblasts migrating from these tissues were harvested 

by trypsinization after approximately 3 weeks, renewing the medium every week. The 

cells between the third and seventh passages were used for the experiments. 

Incubations with H-1152P were performed without replenishing the inhibitor to detect 

whether this inhibitor can exert long-lasting effects. 

 

 

2.3.2. Growing fibroblasts on collagen-coated coverslips 
Glass coverslips of 10-mm diameter were kept in 70% ethanol for 10 minutes, 

washed twice with sterile dH2O, and autoclaved or kept for 15 minutes under UV-light 

in a laminar flow hood. The lyophilized type I collagen from rat tail was dissolved in 

sterile 0.2% acetic acid (v/v) to give a final concentration of 2 mg/ml. A thin film of this 

solution was spread onto sterile coverslips with a diameter of 10 mm (approximately 

5 µg/cm²) and air-dried in the laminar flow hood for 1 hour. The coverslips were then 

rinsed with sterile phosphate buffered saline (PBS) and placed into the inner wells of 

24 well-plates. The outer wells were filled with PBS to prevent the evaporation of the 

culture medium. Fibroblasts were added at a density of 3000 cells/coverslip, allowed 

to attach for 3 hours, and incubated with or without H-1152P in duplicates for 4 days 

(see figure 7 for the structure of H-1152P). 
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2.3.3. Culture of RGC-5 cells 
Cryovials containing RGC-5 cells (kindly provided by Professor Neeraj Agarwal, UNT 

Health Science Center, Fort Worth, TX) were removed from liquid nitrogen storage 

and kept in a 37°C waterbath for 1-2 minutes. The cells were transferred into 75 cm² 

flasks containing prewarmed complete medium, and incubated at 37°C in a 

humidified atmosphere of 5% CO2. The medium was replaced with fresh complete 

medium on the following day. For experimentation, the trypsinized cells were 

suspended in serum-free medium, seeded into the inner wells of 24 well-plates at a 

concentration of 3000 cells/well in duplicates for each treatment group, and 

incubated in serum-free medium for 1-5 days.  

 

 

2.3.4. Trypsinization of the cells 
Cells for subculture or experimentation were washed twice with sterile PBS and 

incubated with 0.25% trypsin and 0.02% EDTA (0.5 ml for 75 cm² flask) for 10-12 

minutes at 37°C until all the cells detached from the culture flasks. Trypsinization was 

then terminated by adding 1-2 ml of complete medium into each flask. The cells were 

transferred into a 15-ml tube and centrifuged at 800 rpm for 8 minutes. The 

supernatant was removed and the cells were suspended in fresh medium containing 

FBS unless otherwise stated.  

 

    
 

   Figure 7. The structure of H-1152P. 
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2.4. Tissue culture 
 

2.4.1. Retinal flat mounts 
Male NMRI mice (8-9 weeks old, Harlan-Winkelmann, Borchen, Germany) were 

sacrificed in a CO2 chamber. Under a laminar flow hood, the eyes were enucleated 

and collected into sterile 0.1% glucose-PBS (w/v). The cornea was cut using a 

scalpel and the lens and the vitreous body were removed. To facilitate the 

detachment of the retinae, the eye cup was sheared off with fine forceps. Retinae 

dissociated from the pigment epithelium were mounted onto cellulose nitrate filters 

pre-soaked in PBS (0.45 µm pore size, cut into approximately 1x1 cm pieces, 

Sartorius) with the ganglion cell layer facing upwards. The retinal flat mounts were 

incubated in 1 ml of DMEM/F-12 (lacking phenol red and serum) with or without H-

1152P for 24 to 48 hours at 37°C and with 5% CO2. 

 

 

2.4.2. Incubation of retinal flat mounts in the conditioned 
medium of retina or optic nerve 
 
The eyes of 8-9 week old male NMRI mice were enucleated and the retinae were 

prepared as flat mounts as described, taking care not to damage the optic nerve. 

Pieces of optic nerve obtained from different eyes were truncated to the same size 

(approximately 5.8 mm starting from the closest point to the optic nerve head). Each 

retinal flat mount and piece of optic nerve was incubated in 1 ml of DMEM/F-12 with 

or without 1 µM H-1152P for 24 hours at 37°C. The incubation medium was collected 

at the end of this period and used immediately for the incubation of freshly mounted 

retinae for 24 hours. 

 

 

2.4.3. Incubation of retinal flat mounts with reduced 
glutathione (GSH) 
 

GSH was dissolved in DMEM/F-12 medium without serum at a concentration of 1 

mg/ml and filter-sterilized. Flat-mounted retinae were incubated in 1 ml of this 
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medium with or without H-1152P for 24 hours at 37°C in a humidified atmosphere of 

5% CO2.  

 

 

2.4.4. Determining the level of total glutathione in retina 
The total level of reduced and oxidized glutathione in retinae was measured using 

the ApoGSHTM Glutathione Colorimetric Detection Kit following the manufacturer’s 

instructions. The assay determines the amount of the yellow colored 2-nitro-5-

thiobenzoic acid generated by the reaction of GSH and 5,5′-Dithiobis(2-nitrobenzoic 

acid) (DTNB). The oxidized glutathione (GSSG) is also converted to GSH by 

glutathione reductase and NADPH, allowing the detection of total glutathione levels 

(Figure 8). Briefly, retinae incubated with or without H-1152P for 24 hours in serum-

free medium and freshly pepared retinae (n=4 per each group) were homogenized in 

200 µl of glutathione buffer. To remove the proteins from the samples, 50 µl of 5% 

sulfosalicylic acid was added into each tube and mixed well. The tubes were 

centrifuged at 8000g for 10 minutes and the supernatant was collected into new 

tubes. The reaction mix was prepared by adding NADPH generating mix and 

glutathione reductase into the glutathione reaction buffer in a 1:1:6 ratio (v/v/v) and 

160 µl of this mixture was transferred into the wells of a 96-well plate. After 

incubating the mixture for 10 minutes to generate NADPH, 20 µl of the samples or 

GSH standard solutions were added and incubated further for 10 minutes. Using a 

multichannel pipette, 20 µl of the glutathione substrate DTNB was transferred into 

each well as quickly as possible to avoid the reaction time lag among wells and the 

samples were incubated for 10 minutes. The absorbance at 405 nm was then read 

using a spectrophotometric plate reader (SLT Spectra 400 ATX, Salzburg, Austria). A 

standard curve was prepared by plotting the concentration of each GSH-standard 

versus its average absorbance reading in Excel. The GSH concentration in the 

samples was determined from this curve and expressed as the percentage of the 

value detected in fresh retinae.  
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   Figure 8. Principle of the glutathione assay.
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2.5. Analyzing the wound healing activities of human 

Tenon’s capsule fibroblasts 
 

2.5.1. MTT test  
MTT test allows the estimation of the amount of living cells by measuring the 

conversion of the light yellow 3-(4, 5-dimethylthiazolyl)-2, 5 diphenyl tetrazolium 

bromide to the dark blue formazan by mitochondrial deydrogenases in viable cells.154 

Fibroblasts were seeded into the inner wells of 96-well culture plates at densities 

specified in results, with 8 to 10 wells for each treatment group. The cells were 

allowed to settle for 3 hours, and cultivated for 1 to 4 days in the presence or 

absence of H-1152P in a total volume of 200 µL per well. The stock solution of MTT 

was added into each well at a volume of 20 µl and the cells were incubated further at 

37°C for 3 hours. The solution was removed by gently inverting the plates and the 

wells were filled with 200 µL of MTT lysis solution. After shaking the plates vigorously 

for 20 minutes to facilitate the release of formazan from the lysed cells, the 

absorbance values in each well were read using a spectrophotometric plate reader at 

570 nm with background substraction at 690 nm.  

 

 

2.5.2. Bromodeoxyuridine (BrdU)-incorporation 
Incorporation of BrdU into DNA was measured using a colorimetric detection kit 

(BrdU Cell Proliferation Assay, Calbiochem) following the manufacturer’s instructions. 

Briefly, the fibroblasts were seeded into 96-well plates and grown for 4 days as 

described above. The BrdU label was introduced into the culture medium at the end 

of day 3 and made available for the cells during the final 24 hours of incubation. Cells 

incubated without the BrdU label served as background controls. Following 

incubation, the cells were fixed in the Fixative/Denaturing Solution containing ethanol 

and sodium hydroxide for 30 minutes and incubated with the monoclonal anti-BrdU 

antibody for 1 hour at room temperature. After washing the plates with the Wash 

Buffer (0.1% 2-Chloroacetamide (w/v) in PBS), the cells were incubated with 

horseradish peroxidase-conjugated goat anti-mouse IgGs for 30 minutes. The wells 

were thoroughly washed with three changes of wash buffer and flooded with dH2O. 
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After removing the water completely by inverting the plate over a sink and gently 

tapping on paper towels, the cells were incubated with 100 µl of 3,3’,5,5’-

Tetramethylbenzidine substrate solution for 15 minutes. The reaction was then 

terminated by adding an equal volume of Stop Solution (2.5 N sulphuric acid) into 

each well and the absorbance values at 450 nm with background substraction at 570 

nm using a spectrophotometric plate reader. The mean absorbance value for each 

group was determined after substracting the mean value of the negative control. 

 

 

2.5.3. Migration of fibroblasts on collagen gels 
Collagen gels with an approximate depth of 1 mm were prepared by mixing cold type 

I collagen solution (~3 mg/ml, from bovine dermis) with 10x modified Eagle’s medium 

and 0.2 M Hepes-0.2 N NaOH on ice at a ratio of 8:1:1 (v/v/v) and casting 25 µl of 

this solution into each well (6.5 mm diameter) of a sterile 10-well slide placed into a 

100-mm diameter Petri dish. To prevent the drying of gels, 1-2 ml of culture medium 

without serum was pipetted into the dish avoiding contact with the slides and the gels 

were allowed to polymerize at 37°C for 3-4 hours. Fibroblasts were harvested by 

trypsinization and suspended in culture medium without serum at a concentration of  

1x106 cells/ml. The polymerized gels were inoculated with 1 µl of this cell suspension 

at the center and the cells were allowed to adhere for 2-3 hours at 37°C. The gels 

were then covered with culture medium containing 10% FCS and incubated with or 

without H-1152P. Images of the cells were acquired using a digital camera connected 

to an inverted microscope (Axiovert, Zeiss, Göttingen, Germany) immediately after 

the attachment of the cells (T0) and at certain time points throughout a 14-day 

incubation. The area occupied by cells on each gel was calculated using an image 

analysis program (Axiovision, Zeiss). At the end of the incubation period, the cells 

were fixed for 10 minutes in 4% paraformaldehyde (PFA) and processed for 

immunofluorescence staining. 

 
 

2.5.4. Scratch (wound) assay  
Fibroblasts harvested by trypsinization were seeded in 24-well plates at a 

concentration of 5000 cells/well and grown until reaching confluence. A wound was 



2.5. Analyzing the wound healing activities of Tenon’s capsule fibroblasts 
 

 

35 

gently introduced in the center of the cell monolayers using a sterile 1000 µL pipette 

tip. To remove the cell debris, the wells were washed twice with PBS and the cells 

were incubated with or without H-1152P in duplicates for 48 hours. Phase contrast 

images of marked regions along the wound area were obtained using an inverted 

microscope (Axiovert, Zeiss) immediately after creating the wound and at the end of 

48 hours. The initial wound area and the areas that remained unoccupied by cells 

after 48 hours were measured using the Axiovision software. After the incubation, the 

cells were fixed for 10 minutes in PFA and processed for immunostaining. 

 

 

2.5.5. Contraction assay 
Prior to preparing the collagen gels, fibroblasts were harvested by trypsinization, 

washed once with complete medium, and suspended at a concentration of 4 x 105 

cells/ml. A cold solution of type I collagen from rat tail (3 mg/ml in 0.2% acetic acid) 

was mixed with 10x MEM and 0.2 M Hepes-0.2 N NaOH on ice at a ratio of 8:1:1 

(v/v/v). An equal volume of cell suspension was added into the neutralized collagen 

solution to give a final concentration of 1.2 mg/ml collagen and 2 x 105 cells/ml. Five 

hundred µl of this solution was cast into the inner wells of a 24-well tissue culture 

plate and allowed to polymerize at 37°C for approximately 3 hours. The gels were 

then gently detached from the plastic surface using a sterile pipette tip and incubated 

with or without H-1152P for 7 days in duplicates. Images of the gels were acquired by 

scanning the culture plate with a flatbed scanner (Epson GT-9600, Epson, 

Meerbusch, Germany) immediately after the detachment of gels and at several time 

points throughout the incubation. The area of the gels was determined using an 

image analysis software (Analysis, Soft Imaging System, Münster, Germany). 
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2.6. Cytotoxicity assays  
 

2.6.1. Ethidium homodimer-1 (EthD-1) staining  
EthD-1 is a fluorescent nucleic acid dye (Excitation: 495 nm, Emission: 635 nm) 

which cannot penetrate intact cell membranes. The dye is thus excluded from healthy 

cells and is commonly used as an indicator of cell damage. Fibroblasts grown on 

collagen-coated coverslips, RGC-5 cells grown in 24 well-plates, and flat-mounted 

retinae were incubated with 4 µM EthD-1 in 0.1% glucose-PBS for 30 minutes. After 

washing with 0.1% glucose-PBS, the cells were fixed with 4% PFA-PBS for 10 

minutes, permeabilized with 0.1% Triton X-100-PBS (v/v) for 5 minutes, and 

counterstained with 0.5 µg/ml DAPI in PBS for 5 minutes, with PBS washes of 5 

minutes repeated three times following each step. The cells were then mounted with 

Mowiol and analyzed by fluorescence microscopy (Zeiss) using the Openlab software 

(Improvision, Tübingen, Germany). Fibroblasts incubated with 70% ethanol for 20 

minutes served as positive controls. Staining of the cells in flat mounted retinae was 

performed following the same procedure, with fixation for 30 minutes, and 

permeabilization for 10 minutes. Quantification of the stained cells was performed in 

8-10 areas of 0.159 mm² in flat mounted retinae and in 5-8 areas of 0.64 mm² per 

well for RGC-5 cells. 

 

 

2.6.2. Lactate dehydrogenase (LDH) assay 
LDH is a ubiquitously expressed cytoplasmic enzyme that is released into the culture 

medium upon damage to the plasma membrane.155 The amount of LDH released by 

isolated retinae incubated in serum-free medium for up to 24 hours was measured 

using a colorimetric assay (LDH Cytotoxicity Detection Kit, Roche Applied Science) 

adapted for retinal culture according to the manufacturer’s instructions. Briefly, the 

wells of a flat bottom 96-well tissue culture plate were filled with 220 µl of DMEM/F-

12. Isolated retinae were transferred into the wells (1 retina/well, n=3 retinae for each 

group) and washed briefly to remove the LDH that might have been released during 

the transfer. The medium was then carefully replaced with fresh one and the retinae 

were incubated for 1 (n=8 experiments), 3 (n=10 experiments), 5, 12, and 24 hours 

(n=4 experiments each) at 37°C. To detect the maximum amount of LDH release, 
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retinae (n=3) were incubated in medium containing 1% TritonX-100 (v/v) whereas 

medium incubated without retinae served as background controls. The supernatants 

were then collected into fresh tubes, diluted as described in Table 1, and transferred 

in triplicates into the wells of a new flat-bottom 96 well plate (100 µl/well). The plate 

was placed on ice and equal volume of the reaction mixture was transferred into 

each well. The absorbance of the samples at 492-690 nm was measured using a 

spectrophotometric plate reader at 2-5 minute intervals over a 30 minute period, 

protecting the plate from light between the measurements. After subtracting the 

background, the absorbance values of the samples were corrected for the dilution 

factor and expressed as the percentage of maximum release to estimate the extent 

of cell damage.  

 

 

 

 

 

Table 1. Dilution factors of the retinal supernatants for LDH assay 

Treatment  Time (hours) Dilution factor 

DMEM/F-12 1 Undiluted, 1:2 

 3 Undiluted, 1:2, 1:5 

 5 Undiluted, 1:2, 1:5 

 12 1:2, 1:5 

 24 1:2, 1:5, 1:10 

1% Triton X-100 in DMEM/F-12 1-24 1:50, 1:100 
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2.7. Staining of cultured cells and retinae  
 

2.7.1. Alexa488-phalloidin staining 
Fibroblasts grown in uncoated 96-well plates were fixed for 10 minutes with 4% PFA, 

washed with PBS, permeabilized with 0.1% Triton X-100 - PBS (PBST) for 5 minutes, 

and preincubated with 1% bovine serum albumin (BSA)-PBS (w/v) for 20 minutes to 

prevent unspecific binding. The methanolic stock solution of Alexa488-phalloidin (200 

units/ml) was diluted 1:40 in 1% BSA-PBS and transferred into the wells. After a 30 

minute incubation, the cells were washed three times with PBS, counterstained with 

DAPI as described above, mounted with Mowiol, and analyzed by fluorescence 

microscopy. 

 

 

2.7.2. DAPI staining of fibroblasts embedded in collagen gels  
To stain the nuclei in whole gels after fixation, the gels were permeabilized in PBST 

for 15 minutes, incubated with 0.5 µg/ml DAPI in PBS for 5 minutes, washed in PBS, 

mounted in Mowiol, and analyzed by fluorescence microscopy.  

 

 

2.7.3. Immunofluorescence staining of fibroblasts and RGC-5 

cells 
After a 10-minute fixation in 4% PFA, the cells were washed extensively with PBS, 

blocked with 3% BSA in PBST for 20 minutes, and incubated with the primary 

antibodies diluted in the blocking buffer overnight at 4°C in a humidified chamber. 

Cells incubated with the blocking buffer alone served as negative controls. After 3 

PBS-washes of 5 minutes each, the cells were incubated for 1 hour with the 

secondary antibodies diluted in blocking buffer and washed with PBS. Cells treated 

with biotin-labeled secondary antibodies were incubated with Cy3-conjugated 

Streptavidin (Jackson Immunoresearch, 1:500 dilution in blocking buffer) for 40 

minutes. The nuclei were counterstained with DAPI and the samples mounted with 

Mowiol were analyzed by fluorescence microscopy. The primary and the secondary 

antibodies as well as the dilution factors used are listed in Table 2. The 
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immunostaining against fibronectin was performed following the same protocol, 

omitting Triton X-100 from the blocking buffer. 

 

 

2.7.4. Preparing cryosections of collagen gels and flat 

mounted retinae  
Collagen gels populated with fibroblasts and flat mounted retinae were washed with 

PBS, fixed in 4% PFA for 30 minutes to 2 hours, incubated in 4% sucrose-PBS (w/v) 

overnight at 4°C, kept in 20% sucrose (w/v) -5% glycerol (v/v) for 2 days at 4°C, and 

embedded in OCT compound. Transverse sections of the collagen gels and retinae 

were cut at 16 µm using a cryostat (Leica, Bensheim, Germany) and collected onto 

Superfrost slides. The sections were fixed in ice-cold acetone for 10 minutes, air-

dried, and stored at –20°C.  

 

 

2.7.5. Immunohistochemistry (IHC) on the sections of retinae 

and collagen gels 
After removing from -20°C, the slides were air-dried at room temperature for 30 

minutes and washed three times with PBS. The sections were blocked in 3% BSA-

PBS with 0.3% Triton X-100 (BSA-PBST) for 30 minutes at room temperature (RT) 

and incubated with primary antibodies diluted in BSA-PBST overnight at 4°C in a 

humidified chamber. The sections incubated with the blocking buffer alone served as 

negative controls. After three PBS-washes of 5 minutes each, the sections were 

incubated with the Cy3-conjugated secondary antibody diluted in BSA-PBST for 1 

hour at room temperature, washed with PBS, counterstained with DAPI, mounted in 

Mowiol, and analyzed by fluorescence microscopy.  

 
 

2.7.6. IHC on flat-mounted retina 
After incubation, flat mounted retinae were fixed in 4% PFA-PBS, and IHC was 

performed according to the protocol of Wang et al.62 with slight modifications. Briefly, 

the retinae were washed for 1 hour in PBS containing 0.2% Triton X-100. This was 
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followed by incubation in blocking serum (3% BSA in PBS) for 16 hours at 4°C, and 

with a polyclonal antibody against glial fibrillary acidic protein (GFAP) diluted in 3% 

BSA-PBS for 48 hours at 4°C. Retinae incubated with 3% BSA-PBS alone served as 

negative controls. The mounts were then washed in PBS three times for 1 hour each, 

and incubated with Cy3-conjugated secondary goat anti-rabbit immunoglobulins 

overnight at 4°C, washed in PBS, counterstained with DAPI, mounted in Mowiol, and 

analyzed by fluorescence microscopy. The quantification of astrocyte reactivity and 

the intensity of staining was performed in 4 to 5 areas of 0.64 mm² on the flat 

mounted retinae using the Analysis software. 
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Table 2. Primary and secondary (2°) antibodies used for 
immunofluorescence labelling of cultured cells and retinae 

 
Primary Antibodies 

Antigen Source Type Dilution 2° 
Antibody 

Supplier 
(Catalog #) 

Adducin Rabbit P 1:100 4 A 
(ab18314) 

Alpha-smooth muscle actin 
(Clone 1A4) 

Mouse M 1:75 1 B 
(M0851) 

CD11b 
 

Rat P 1:100 5 C 
(MCA74GA) 

Cleaved-caspase 3 Rabbit M 1:100 4 D 
(9664) 

Fibronectin Rabbit P 1:400 4 B 
(A0245) 

GFAP Rabbit P 1:400 4 B 
(Z334) 

Ki-67 (clone Ki-S5) Mouse M 1:100 2 / 3 B 
(M7240) 

Phospho(S726)-adducin Rabbit P 1:100 4 A 
(ab14375) 

Phospho(T445)-adducin Rabbit P 1:100 4 E 
(sc-16738) 

 
Secondary Antibodies 

Number Anti- Conjugation Source Dilution Supplier 
(Catalog #) 

1 Mouse IgG Alexa488 Goat 1:400 F 
(A11001) 

2 Mouse IgG Biotin Rabbit 1:100 B 
(E0354) 

3 Mouse IgG (H+L) Cy3 Goat 1:400 G 
(115-165-146)

4 Rabbit IgG (H+L) Cy3 Goat 1:400 G 
(111-165-003)

5 Rat IgG (H+L) Biotin Rabbit 1:200 B 
(E0468) 

A: Abcam (Cambridge, UK); B: DAKO (Glostrup, Denmark); C: Serotec (Oxford, UK); D: Cell 

Signaling Technology (MA); E: Santa Cruz Biotechnology (Santa Cruz, CA); F: Molecular 

Probes (Eugene, OR); G: Dianova (Hamburg, Germany); M: Monoclonal; P: Polyclonal.  
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2.8. Protein purification 
 

2.8.1. Protein extraction from cells 
Fibroblasts grown in 75 cm² flasks for 4 days were washed twice with ice-cold PBS. 

500 µl of ice-cold cell lysis buffer was added into each flask and the flasks were kept 

on ice for 5 minutes. The cells were transferred into a microfuge tube and maintained 

under gentle agitation at 4°C for 15 minutes. Cell lysates were cleared by 

centrifugation at 12000 rcf for 20 minutes in a precooled microcentrifuge at 4°C 

(Heraeus, Kendro Laboratory Products, Hanau, Germany). The supernatants were 

collected and stored at -80°C.  

 

 

2.8.2. Protein extraction from retinae 
After incubation, free floating retinae (n=8 for each treatment group) were collected 

into 1.5 ml Eppendorf tubes, homogenized in liquid nitrogen, and lysed in 300 µl of 

ice-cold tissue lysis buffer. The lysates were cleared by centrifugation at 12000 rcf for 

20 minutes at 4°C (Heraeus). The supernatants were collected and stored at -80°C.  

 

 

2.8.3. Determining the protein concentration by Bradford 

assay 
Bradford assay allows the detection of protein concentration by quantitating the 

binding of Coomassie brilliant blue to the unknown proteins and comparing this 

binding to that of different amounts of a standard protein, such as BSA. Duplicate 

aliquots of the BSA standards (25-500 µg/ml) and the samples were prepared by 

diluting the 0.5 mg/ml BSA stock solution and the samples with 0.15 M NaCl at a total 

volume of 100 µl. Blank tubes were filled with only 100 µl of 0.15 M NaCl. After 

adding 1 ml of Coomassie brilliant blue solution into each tube, the tubes were 

vortexed, left at room temperature for 2 minutes, and the absorbance values at 595 

nm were measured using 1 cm-pathlength plastic microcuvettes (1 ml). A standard 

curve was prepared by plotting the concentration of each BSA-standard versus its 
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average absorbance reading in Excel. The protein concentration in the samples was 

determined from this curve and corrected for the dilution factor.  

 

 

2.8.4. Determining the protein concentration by 

bichinchoninic acid (BCA) assay 
The BCA assay allows the estimation of the protein concentration based on the 

reduction of Cu+2 to Cu+1 by proteins in an alkaline environment and the 

spectrophotometric detection of the purple-colored reaction product formed by the 

chelation of two BCA molecules with one Cu+1 ion. Determining the protein 

concentration via the BCA method was performed using the Micro BCATM Protein 

Assay Kit (Pierce) according to the manufacturer’s instructions. This assay adapted 

for use in microplates allows the quantitation of protein concentration in a linear 

working range of 2-40 µg/ml and is compatible with a wide range of substances 

including Tris (upto 50 mM) as well as detergents like SDS, NP-40, and Triton X-100 

at concentrations as high as 5%. Briefly, 150 µl of BSA standards ranging from 0.5 to 

200 µg/ml, blanks, and unknown samples diluted in dH2O were pipetted into the wells 

of a 96-well microplate in duplicates. The working reagent containing BCA, cupric 

sulfate pentahydrate, sodium carbonate, sodium bicarbonate, sodium tartrate, and 

sodium hydroxide was prepared as instructed and transferred into each well at 150 

µl. The plate was shaken thoroughly for 30 seconds and incubated at 37°C for 2 

hours. After allowing the plate to cool to room temperature, the absorbance values at 

570 nm were read using a spectrophotometric plate reader. The values were 

corrected for the blanks and the protein concentration of the unknown samples were 

determined from the standard curve as described for the Bradford assay. 
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2.9. SDS-Polyacrylamide gel electrophoresis (PAGE) and 

Western blot 
 

2.9.1. SDS-PAGE 
One dimensional sodium dodecyl sulphate (SDS)-PAGE is a commonly used 

protocol to separate proteins based primarily on their molecular weight. The binding 

of SDS to the denatured protein introduces an overall negative charge and the length 

of the SDS-protein complex becomes proportional to its molecular weight. SDS-

PAGE was performed using the Mini-Protean Electrophoresis Cell from Bio-Rad. The 

12% resolving gel was prepared by mixing the solutions listed in Table 3, cast 

between vertically aligned glass plates separated by 0.75 mm spacers, overlaid with 

2-propanol, and allowed to polymerize for approximately 1 hour. After decanting the 

2-propanol, the 5% stacking gel solution was cast, a 10-well comb was inserted, and 

the gel was allowed to polymerize for 30-45 minutes. The comb was then removed 

and the gel assembly was inserted into an electrode cell placed in a buffer tank filled 

with 1X Electrophoresis buffer.  

 

 The protein samples were thawn on ice, aliquotted at the volumes desired, 

and mixed with an equal volume of 2X Laemmli sample buffer. The samples were 

then kept at 95°C for 5 minutes, centrifuged briefly, and loaded into the wells, with 20 

µg of protein per lane. The Kaleidoscope Prestained Protein Standard or the Low 

molecular Weight Biotinylated Protein Standard from Bio-Rad was loaded into 

separate wells as molecular weight markers. The gel was connected to a power 

supply and run at a constant voltage of 100 V until the bromophenol blue in the 

loading buffer reached the bottom of the gel.  

 

 

2.9.2. Non-denaturing gel electrophoresis 
Electrophoresis under non-denaturing conditions allows the separation of proteins in 

their native state based on their size and charge. Non-denaturing gel electrophoresis 

was performed following the procedure for SDS-PAGE, omitting SDS and β-
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mercaptoethanol from the gel solutions and loading the samples into the gels without 

heating.  

 

 

Table 3. Solutions used for casting 5-12% polyacrylamide gels 

 
Solution 

12 % resolving gel
(volume) 

5 % stacking gel 
(volume) 

30% acrylamide, 0.8% bisacrylamide (w/v) 4.2 ml 900 µl 
1 M Tris-HCl, pH 8.8 3.75 ml - 
1 M Tris-HCl, pH 6.8 - 650 µl 
10% SDS (w/v) 100 µl 30 µl 
Milli-Q water 2 ml 3.5 ml 

10% ammonium persulfate (w/v) 100 µl 30 µl 
TEMED 5 µl 5 µl 

 

 

 

2.9.3. Silver staining of gels 
Silver staining is a highly sensitive method for detecting proteins as low as 0.1 

ng/mm² in polyacrylamide gels. This method was performed using the Bio-Rad Silver 

Stain Kit according to the manufacturer’s instructions. After electrophoresis, the mini-

gels were fixed in 40% methanol/10% acetic acid (v/v) for 30 minutes and incubated 

with the oxidizer (containing potassium dichromate and nitric acid) for 5 minutes. The 

gels were then washed thoroughly for 15 minutes using large volumes of Milli-Q 

water and changing the water at least 6 times within the first 5 minutes. This was 

followed by a 20-minute incubation in the silver nitrate reagent and a quick rinse with 

Milli-Q water (30 seconds maximum). The developer solution (containing sodium 

carbonate and paraformaldehyde) was then poured over the gels and replaced with 

fresh one upon the appearance of a brown or smokey precipitate (usually within the 

first 30 seconds). The gels were kept in the developer until the desired intensity was 

obtained, changing the solution every 5 minutes if necessary. The color development 

was stopped by incubating the gels in 5% acetic acid (v/v) for 15 minutes, with 2-3 

changes of this solution. The gels were then dried on filter papers and sealed in 
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plastic bags. All the incubations were done under gentle rotation in a fume hood and 

Milli-Q water was used for the preparation or dilution of the solutions. 

 

 

2.9.4. Transfer of proteins onto nitrocellulose membranes  
Following electrophoresis, the transfer of the proteins from the gel to a nitrocellulose 

membrane was performed using the Mini Trans-Blot Electrophoretic Transfer Cell 

from Bio-Rad. The nitrocellulose membrane and pieces of Whatman 3MM paper cut 

approximately to the size of the gel, fiber pads, and the gel removed from the glass 

plates were soaked in 1 X Blotting buffer. The membrane sandwich was assembled 

in a nonconducting cassette as illustrated in Figure 9, gently removing air-bubbles by 

rolling a Pasteur pipette over each layer. The cassette was inserted into the electrode 

cell placed into the buffer tank with the gel facing the cathode (black side of the cell) 

and the membrane facing the anode (red side of the cell). The buffer tank was filled 

with the blotting buffer and connected to a power supply. Transfer of the proteins was 

performed at a constant voltage of 100 V for 1 hour or at 10 V overnight. The 

membrane was then removed from the cassette and processed for PonceauS 

staining. 

 

   
 

Figure 9. Schematic representation of the membrane-gel sandwich assembly for the 
electrophoretic transfer of proteins from the gel to the nitrocellulose membrane.
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2.9.5. PonceauS staining 
Staining with PonceauS was carried out to verify transfer onto the nitrocellulose 

membranes and equal protein loading. The membranes were incubated with freshly 

prepared PonceauS solution for 5 minutes under gentle rotation. The solution was 

decanted and excess dye was removed by washing with dH2O for 2 minutes. The 

membranes were then scanned using a flatbed scanner (Epson) and destained 

completely with several changes of dH2O. 

 

 

2.9.6. Western blot 
The nitrocellulose membranes were washed briefly in Tris-buffered saline (TBS), 

blocked in 5% nonfat milk in TBS containing 0.1% Tween-20 (TBST) for 30 minutes, 

washed with two changes of TBST and TBS for 10 minutes each, and incubated with 

the primary antibodies diluted in blocking buffer overnight at 4°C. Membranes 

covered with the blocking buffer only served as negative controls. After repeating the 

washes with TBST and TBS, the membranes were incubated with the secondary 

antibodies diluted in the blocking buffer for 1 hour at room temperature. Membranes 

treated with biotin-conjugated secondary antibodies were incubated further with 

HRP-conjugated Streptavidin (DAKO, diluted 1:1000 in blocking buffer) for 1 hour at 

room temperature. The membranes were then washed as described above and 

signal detection was performed using suitable substrates for the enzymes coupled to 

the secondary antibodies. All the incubations were performed under gentle rotation. 

The primary and secondary antibodies as well as the dilution factors used are listed 

in Table 4. 

 

 

2.9.7. Signal detection by NBT/BCIP 
Color development by nitroblue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-

indolyl phosphate (BCIP) was performed on membranes incubated with alkaline 

phosphatase-conjugated secondary antibodies. The developing solution was 

prepared shortly before use by adding 55 µl of NBT stock solution (100 mg/ml) and 

37.5 µl BCIP stock solution (50 mg/ml) into 10 ml of alkaline phosphatase buffer. The 

membranes were incubated in this solution without shaking until the desired band 
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intensity was reached. The reaction was terminated by 20 mM Tris (pH 8.0), 5 mM 

EDTA. The membranes were then rinsed in dH2O, air-dried, and stored in plastic 

folders. 

 

 

2.9.8. Signal detection by 4-chloro-1-naphthol 
Color development by 4-chloro-1-naphthol was performed on membranes incubated 

with horseradish peroxidase-conjugated secondary antibodies. The developing 

solution was prepared shortly before use by pipetting 100 µl of 4-chloro-1-naphthol 

stock solution into 10 ml of 50 mM Tris-HCl, pH 7.6, filtering the solution, and adding 

10 µl of 30% H2O2. The membranes were incubated in this solution without shaking 

for approximately 30 minutes or until the desired band intensity was reached, rinsed 

in dH2O, air-dried, and stored in plastic folders. 

 

 

2.9.9. Signal detection by enhanced chemiluminescence 

(ECL) 
Signal detection was performed by ECL on membranes incubated with horseradish 

peroxidase-conjugated streptavidin. The ECL solution was prepared by mixing 10 ml 

of Solution A with 3 µl of 30%H2O2 and 1 ml of Solution B shortly before use. The 

membranes were placed on a piece of plastic sheet, incubated with the ECL solution 

for 2 minutes, and covered with another piece of plastic sheet or Saran wrap. After 

removing excess solution and air bubbles, the membrane-plastic sheet sandwich was 

put into a film cassette. A piece of Kodak X-Omat AR film was placed on the 

membranes in a dark room and the cassette was sealed. The exposure time varied 

between 30 seconds to 1 minute for the membranes incubated with anti-GFAP and 

adducin antibodies and overnight for the membranes incubated with phospho-

adducin antibodies. The film was then removed from the cassette, incubated with the 

developer solution for 5 minutes, washed briefly under running tap water, fixed for 5 

minutes in the fixer solution, kept in a water bath for 5 minutes, and air-dried. The 

intensity of the bands was detected using the Quantity One software (version 4.6.2, 

Bio-Rad). 
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  Table 4. Primary and secondary (2°) antibodies used for Western blot 

Primary Antibodies 

Antigen Source Dilution 
Factor 

2° Antibody used 
(dilution factor) 

Supplier 
(catalog #)  

Adducin Rabbit 1:1000 3 (1:2000) A 
(ab18314) 

EGF (mouse) Goat 1:500 1 (1:500) B 
(AF2028) 

GFAP Rabbit 1:2000 2 (1:2000) / 
3 (1:2500) 

C 
(Z334) 

IFN-gamma Rabbit 1:1000 2 (1:1000) D 
(500-P32) 

IL-6 Rabbit 1:1000 2 (1:1000) D 
(500-P26) 

IL-8 Rabbit 1:1000 2 (1:1000) D 
(500-P28) 

IL-10 Rabbit 1:1000 2 (1:1000) D 
(500-P20) 

Phospho(S726)-adducin Rabbit 1:500 3 (1:500) A 
(ab14375) 

Phospho(T445)-adducin Rabbit 1:200 3 (1:250) * 
 
 

Secondary Antibodies 

Number Anti- Conjugation Source 

 
Supplier 

(Catalog #) 

1 Goat IgG (H+L) HRP Rabbit E 
(305-035-003)

2 Rabbit IgG (H+L) AP Goat E 
(111-055-003)

3 Rabbit IgG (H+L) Biotin Donkey E 
(711-065-152)

 
A: Abcam (Cambridge, UK); B: R&D Systems, C: DAKO (Glostrup, Denmark); D: 
PeproTech, (Rocky Hill, NJ); E: Jackson Immunoresearch Inc., (West Grove, PA); AP: 
Alkaline phosphatase; HRP: Horseradish peroxidase; *: kindly provided by Prof. Kozo 

Kaibuchi, Nagoya University, Japan. 
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2.10. Cytokine arrays 
 

2.10.1. Membrane-based mouse cytokine array 
The cytokine profile of the retinal conditioned medium was analyzed using the 

RayBio Mouse Cytokine Antibody Array I (RayBiotech) according to the 

manufacturer’s instructions with slight modifications. This array consists of 

membranes coupled with antibodies against 22 cytokines in duplicates as well as 

biotin-conjugated IgGs producing positive signals allowing the comparison of the 

relative expression levels among different membranes. The membranes were initially 

kept in the blocking buffer overnight at 4°C and incubated with the freshly collected 

conditioned media of retinae for 2 hours at room temperature. After washing with two 

changes of the wash buffers supplied, the membranes were incubated with biotin-

labeled anti-cytokine antibodies first at 4°C overnight, then at room temperature for 

an additional 2 hour-period. This was followed by several washes and a 2 hour-

incubation with horseradish peroxidase conjugated streptavidin. Signal detection was 

performed by ECL as instructed and the spot intensity was measured using the 

ImageQuant software (Molecular Dynamics, CA).  

 
 

2.10.2. Bio-Plex flow cytometric cytokine assay 
The concentration of various cytokines in our samples of retina and optic nerve 

incubation media were kindly analyzed by Bio-Rad Laboratories, Munich, Germany 

using the Bio-Plex suspension array. The Bio-Plex mouse cytokine assay kit consists 

of an array of 18 sets of beads, each being internally dyed with different ratios of two 

spectrally distinct fluorophores and conjugated with an antibody against a cytokine. 

The bead suspension was incubated with the samples in microplates, then with a 

biotinylated detection antibody, and finally with the reporter molecule streptavidin-

phycoerythrin. The microplates were analyzed in the Bio-Plex array reader. Each 

bead was excited by two laser beams, one for the excitation of the dye in the bead to 

identify its spectral address, and one for the excitation of the reporter molecule for 

the quantification of the captured cytokine. The fluorescent signals of the beads were 

recorded and translated by the Bio-Plex Manager software. 
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2.11. Protein database search and sequence analysis 
The amino acid sequences of mouse EGF, IFN-gamma, IL-6, IL-10, and their 

receptors were retrieved from the GenBank protein database 

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Protein). The accession numbers 

of these sequences are listed in Table 5. Searching the Mus musculus protein 

database using the amino acid sequences of the cytokines as query was performed 

using the BLASTP algorithm.156 The optimal global alignment of the amino acid 

sequences of IFN-gamma and IL-6 with their respective receptors was performed 

using the ALIGN algorithm (version 2.0).157 Both algorithms were accessed from 

Biology Workbench 3.2 (http://workbench.sdsc.edu/).  

 

 

 

Table 5. GenBank accession numbers of the amino acid sequences 
of EGF and the cytokines analyzed 

 
Protein (Mus musculus) Accession number 

EGF NP_034243 

EGF receptor isoform 1 NP_997538 

IFN-gamma NP_032363 

IFN-gamma receptor 1 NP_034641 

IL-6 NP_112445 

IL-6 receptor, alpha NP_034689 

IL-10 NP_034678 

IL-10 receptor, alpha NP_032374 
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2.12. In vivo effects of H-1152P after optic nerve crush 

(ONC) 
The experiments on animals were carried out in accordance with the ARVO 

Statement for the Use of Animals in Ophthalmic and Vision Research. Female Brown 

Norway Rats (Charles River, Sulzfeld, Germany) were anesthesized by 

intraperitoneal administration of chloral hydrate. Two microliters of H-1152P (1, 10, 

and 100 µM) or PBS was injected intraocularly using a heat-pulled glass capillary 

connected to a microsyringe, avoiding injury to the lens. The optic nerve of the left 

eye was then exposed and partially crushed approximately 2 mm back from the eye 

globe for 15 seconds whereas the right eye served as sham-control. Five days after 

the crush, the fluorescent tracer Fluorogold was injected into the Superior colliculus. 

The rats were sacrificed two days after the tracing surgery and the retinae were 

either prepared as flat mounts (n=2 rats per treatment) or processed for the 

immunohistochemical analysis of GFAP and CD11b expression (n=1 rat per 

treatment). The operations on animals and the quantification of the live (Fluorogold-

positive) RGCs were performed by Dr. Frank Schüttauf (University Eye Hospital, 

Tübingen) and his group.  

 

 

2.13. Statistical analysis 
The data were analyzed by two tailed Student’s t-test and the p values smaller than 

0.05 were accepted as significant. 
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3. RESULTS 
 

3.1. Effect of ROCK Inhibition on the wound healing 

activities of human Tenon’s capsule fibroblasts 
 

 

3.1.1. Optimal concentration of the ROCK inhibitor H-1152P 

 
To analyze the cycling rate of Tenon’s capsule fibroblasts as well as the effect of 

various concentrations of H-1152P on this process, MTT test was performed on cells 

seeded at densities decreasing serially from 5000 to 625 cells per well and incubated 

with or without H-1152P for 1, 2, and 4 days. After 24 hours, the addition of H-1152P 

induced a slight but non-significant decrease in the extinction values (Figure 10a). 

This pattern appeared essentially unchanged until the end of day 2 (Figure 10b). On 

day 4, the extinction values in untreated cells increased approximately two-fold and 

the administration of H-1152P at 1, 10, and 50 µM resulted in significant decreases 

by 16%, 34%, and 51%, respectively (p<0.0005).  This H-1152P dependent decrease 

became more pronounced at lower seeding densities, amounting to 27% (p<0.03), 

60% (p<0.0005), and 67% (p<0.005) reduction with 1, 10, and 50 µM H-1152P, 

respectively, in fibroblasts plated at a density of 625 cells/well. Since the decrease 

observed after incubation with 50 µM H-1152P did not significantly surpass the effect 

obtained with 10 µM, we deduced the latter concentration of this inhibitor as being 

optimal for causing a considerable reduction in the amount of viable fibroblasts 

(Figure 10c). 
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Figure 10. Dose 
dependent effect of H-
1152P on the amount of 
viable fibroblasts. Cells 
seeded at densities 
varying between 5000 to 
625 cells/well were 
incubated with or without 
H-1152P for (a) 1 day 
(n=5 experiments), (b) 2 
days (n=3 experiments), 
and (c) 4 days (n=4 
experiments) after which 
they were subjected to 
MTT test. *p<0.03, 
**p<0.001. 
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3.1.2. Anti-proliferative effect of H-1152P 
 

To clarify whether the H-1152P dependent reduction in the amount of viable 

fibroblasts resulted from an impairment of cell proliferation or the toxicity of this 

inhibitor, fibroblasts plated at the densities mentioned above were incubated with or 

without H-1152P for 4 days and the levels of BrdU incorporated into the DNA of 

proliferating cells was measured using a colorimetric assay. The absorbance values 

of untreated cells revealed a gradual increase at lower seeding densities, which were 

reduced by H-1152P administration in a dose-dependent manner. Addition of 10 µM 

H-1152P was sufficient to keep the extinction values between 0.1 and 0.135 

regardless of the initial cell number, accounting for significant decreases in cell 

proliferation by 80 to 90% compared to controls (p<0.01, Figure 11).  

 

                 

      
 

Figure 11. BrdU incorporation into fibroblasts during the final 24 hours of a 4 day 
incubation period. The mean absorbance values were calculated from three 
independent experiments with the exception of the 5000 cells/well group (n=2). 
*p<0.04, **p<0.01, ***p<0.00005. 
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To further confirm the anti-proliferative effect of H-1152P, an immunostaining 

was performed with antibodies against Ki-67, a nuclear protein associated with cell 

proliferation,158 on fibroblasts that were grown for 4 days on collagen coated 

coverslips. The results revealed an upregulation of Ki-67 expression in approximately 

50% of the nuclei in untreated controls, whereas only about 5% of the cells stained 

positively for this marker after treatment with 10 µM H-1152P (p<0.01, Figure 12a 

and b). 

 

The extent of cell damage at this time point was determined by performing 

ethidium homodimer-1 staining. Incubating the fibroblasts with 70% ethanol induced 

significant cellular toxicity, as demonstrated by the strong ethidium homodimer-1 

staining in the positive controls. In contrast, very weak staining was observed in both 

the H-1152P-treated and untreated fibroblasts grown on collagen coated coverslips 

indicating the viability of these cells. The number of DAPI stained cells were reduced 

in a dose-dependent manner without an accompanying increase in the intensity of 

EthD-1 staining in H-1152P treated cells, suggesting that H-1152P inhibits the 

proliferation of Tenon’s capsule fibroblasts without exerting toxic effects (Figure 12c). 

 

 

3.1.3. Short-term application of H-1152P 
 

The application of a growth inhibitor as a single dose might be desirable for in vivo 

use. Therefore, the effect of a short-term exposure was investigated by performing 

MTT test on fibroblasts that were incubated for 1 day with or without H-1152P and for 

3 days in fresh medium lacking this inhibitor. The short-term exposure to H-1152P 

appeared to be sufficient to induce a mild decrease of approximately 20% in the 

amount of viable fibroblasts. This decrease was statistically significant (p<0.04) in all 

the groups except for the cells seeded at the lowest density (Figure 13). 
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Figure 12. The anti-proliferative effect of H-1152P on Tenon’s capsule fibroblasts. (a) 
Fibroblasts grown on collagen-coated coverslips were incubated for 4 days and used 
for Ki-67 immunostaining to analyze cell proliferation. DAPI counterstaining was 
performed to visualize the nuclei, (b) Quantification of (Ki-67)+ nuclei (n=2 
experiments). **p<0.01, (c) Ethidium homodimer-1 (EthD-1) staining demonstrating 
the viability of fibroblasts after 4 days in contrast to the cells of the positive control 
which were treated with 70% Ethanol. The images for Ki-67 and Ethd-1 stainings are 
representative of two independent experiments. Bar=50 µm. 
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Figure 13. Short-term application of H-1152P. Fibroblasts seeded into 96 well-plates 
were incubated for 24 hours with or without H-1152P. The medium was then 
replenished and the cells were incubated further for three days in the absence of H-
1152P. Cell proliferation/viability was then quantified by performing MTT test at the 
end of this period. *p<0.04. 
 

 

3.1.4. Rearrangement of the actin cytoskeleton in response to 

H-1152P 
 
The H-1152P induced changes in the organization of the actin cytoskeleton were 

visualized by performing Alexa-phalloidin staining on fibroblasts grown for 4 days. 

Untreated fibroblasts exhibited numerous stress fibers aligned as parallel bundles. 

Administration of H-1152P led to a dose-dependent decrease in the abundance and 

length of these bundles, resulting in a gradually weakening staining for filamentous 

actin and a gain in cell diameter. This was accompanied by the sprouting of randomly 

oriented protrusions, the lengths of which exhibited a dose-dependent increase in H-

1152P treated cells (Figure 14a). 

 

 A particular event observed in normal tissues under circumstances requiring 

mechanical force development and in pathological tissues with hypertrophic scarring 

is the transition of fibroblasts into myofibroblasts, an intermediate cell type between 

fibroblasts and smooth muscle cells, with stress fibers rich in alpha-SMA.159 To 
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analyze the extent of this differentiation in Tenon’s capsule fibroblasts after 4 days, 

immunostaining for alpha-SMA was performed on cells that were grown as described 

above. Only few alpha-SMA positive cells could be detected both among the 

untreated fibroblasts and the cells that received H-1152P for 4 days. Yet, the staining 

in controls was more intense, revealing prominent alpha-SMA bundles (Figure 14b). 

 
Figure 14. Changes in the organization of actin cytoskeleton in response to H-
1152P. (a) Fibroblasts seeded in 96 well-plates at a density of 1250 cells/well were 
fixed after 4 days of incubation and stained with Alexa 488-phalloidin and DAPI to 
visualize the actin filaments and cell nuclei, respectively. The images shown are 
representative of three independent experiments. Bar=50 µm. (b) Alpha-SMA 
immunostaining in fibroblasts after 4 days of incubation to detect the extent of 
myofibroblast differentiation. The staining appeared very weak in both the treated 
and untreated groups and localized mainly to the perinuclear region. The images 
demonstrate the few cells in which alpha-SMA organized as bundles could be 
detected and are not representative for the entire well. The experiment was 
performed twice with duplicates for each treatment group. Bar=25 µm. 
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3.1.5. Fibroblast migration in response to H-1152P 
 
The effect of H-1152P on the migration of Tenon’s capsule fibroblasts was studied by 

inoculating restrained collagen gels with a small colony of fibroblasts and measuring 

the area occupied by cells over a 14 day-incubation period with or without H-1152P 

as well as performing an in vitro wound healing assay. Untreated fibroblasts in the 

former assay acquired an elongated shape with a protruding edge and spread out 

radially on the gel, invading an area approximately 8-fold larger than the initial size 

and reaching confluence at the end of 14 days. In the presence of 1 µM H-1152P 

fibroblasts did not seem to be impaired in this respect. However, the cells acquired a 

less polarized morphology and the increase in area covered by the cells was reduced 

by a factor of 3 at a concentration of 10 µM (p<0.03, Figure 15a and b). Migration 

appeared to be restricted to the surface of the gels at least for the first 14-days after 

the attachment of fibroblasts to the gel, since no cells could be detected inside the 

gels in any of the treatment groups within this period. However, a dose-dependent 

decrease was observed in the amount of fibronectin deposited into the extracellular 

matrix in response to H-1152P. In untreated controls, strongly stained long fibrils 

aligned parallel to the longitudinal axis of cells were detected both at the inoculation 

zone and along the tracks towards the farthermost points reached by the cells, with 

the staining intensity being stronger at the center, possibly due to the higher cell 

density at this location. The micrographs demonstrating the fibronectin 

immunostaining are therefore presented separately for the center and the periphery 

to avoid misinterpretation while comparing the staining intensity in treated and 

untreated groups. The fibroblasts treated with 10 µM H-1152P were loosely arranged 

and their ECM exhibited almost no fibrils (Figure 15c). 

 

Migration of Tenon’s capsule fibroblasts into the wound area created at the 

center of confluent monolayers of these cells was also suppressed by the ROCK-

inhibitor in a dose-dependent manner. Untreated fibroblasts rich in stress fibers were 

able to migrate into the wound area and organize a dense cellular network, leaving 

only 10% of the initial wound area unoccupied after 48 hours. Administration of 10 

µM H-1152P significantly suppressed the recovery, with 35% of the initial wound 

region not being populated at the end of 48 hours (Figure 16a and b, p<0.005, n=2 

experiments). The expression of Ki-67 in fibroblasts at the wound center and the 
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deposition of fibronectin in this area also exhibited a dose-dependent reduction in 

response to H-1152P (Figure 16c). 

 

 
Figure 15. Effect of H-1152P on fibroblast migration on restrained collagen gels. (a) 
Collagen gels on multiwell glass slides (n=5 to 8 gels per slide) were inoculated with 
an equal amount of fibroblasts. After the attachment of cells, the slides were 
incubated with or without H-1152P and the changes in the area occupied by cells 
were monitored over 14 days. The mean increase in area was calculated from two 
independent experiments. *p<0.05, **p<0.03. (b) Phase contrast images of the cells 
on collagen gels. Arrowheads point to the leading edge in untreated cells. (c) 
Representative images of fibronectin immunostaining at the inoculation zone (center) 
and the periphery of the collagen gels covered with fibroblasts after 14 days. Bar=50 
µm.  
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Figure 16. In vitro wound healing assay. (a) Phase contrast images of the fibroblasts 
immediately after the induction of the wound into the confluent cell layer (0 hrs) and 
Alexa 488-phalloidin stainings exhibiting the cellular organization at the wound center 
after 48 hours. Bar= 100 µm. (b) Percentage of wound area after 48 hours. The 
mean values are calculated from two independent experiments with duplicates for 
each treatment group. **p<0.005. (c) Double immunostaining for Ki-67 (green) and 
fibronectin (orange) at the wound area after 48 hours.  Bar= 25 µm. 
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3.1.6. Effect of H-1152P on collagen gel contraction 
 
Wound contraction facilitates the healing process by drawing the wound margins 

closer as well as reducing the amount of new tissue required to re-establish integrity. 
160, 161 Floating or restrained collagen gels populated with fibroblasts are commonly 

utilized in vitro models simulating this process. In this study, the impact of H-1152P 

on wound contraction was investigated by measuring the area of fibroblast populated 

floating collagen gels incubated with or without this inhibitor over a 7-day period. The 

area of the collagen gels was decreased by 25% at the end of 7 days in untreated 

controls, whereas only a 5% contraction was observed in the presence of 10 µM H-

1152P (p<0.005, Figure 17a). Untreated cells were densely packed under these 3D-

culturing conditions and exhibited a dendritic morphology, whereas the cells that 

received H-1152P treatment were more loosely arranged, with distorted protrusions. 

In all the treatment groups, cell density gradually declined from the center towards 

the periphery of the gels (Figure 17b and c). The immunostaining performed on 

cross-sections of the gels using anti-fibronectin antibodies revealed a similar trend in 

the assembly pattern of this protein, with stronger staining intensity at the center 

possibly due to the local differences in the cell density. The fibronectin network 

appeared nevertheless more prominent in untreated gels compared to the H-1152P-

treated groups (Figure 17d). 
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Figure 17. Effect of H-1152P on Tenon’s capsule fibroblasts in three-dimensional 
collagen gel culture. (a) Fibroblast populated collagen gels were gently detached 
from the wells in which they were cast and incubated with or without H-1152P (n=2 
gels per treatment group). The area of the collagen gels was measured over 7 days 
with an image analyzer program and the percentage of contraction at each time point 
was calculated with respect to the initial gel size. Data shown are the mean values of 
three independent experiments. *p<0.04, **p<0.01, ***p<0.005. (b) Phase contrast 
images of the fibroblasts in collagen gels. Arrows indicate the protrusions, which 
acquire a more distorted morphology in response to H-1152P. (c) DAPI staining of 
the gels viewed from above and (d) fibronectin immunostaining on the cross sections 
of gels showing the organization of cells and the deposition of fibronectin into the 
ECM, respectively, after 7 days incubation with or without H-1152P.  Bar=50 µm. 
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3.1.7. Specificity of H-1152P action 
 
Like most kinase inhibitors, H-1152P suppresses the activity of ROCK mainly by 

occupying the ATP-binding domain of this enzyme and thus depriving the kinase of 

its source for the gamma-phosphoryl group required for the phosphorylation of its 

substrates.162 However, owing to the sequence homology between the ATP-binding 

domains of ROCK and PKA, H-1152P can also inactivate PKA at higher 

concentrations.163, 164 To clarify whether H-1152P interferes with the PKA pathway in 

Tenon’s capsule fibroblasts at the concentrations tested, Western blots were carried 

out to analyze the levels of PKA-dependent adducin phosphorylation in these cells. 

Adducin is a cytoskeletal protein which recruits the actin filaments to the spectrin-

based membrane skeleton. The PKA-mediated phosphorylation of alpha- and 

gamma-adducin occurs predominantly at serine(S)726 and S662 in the MARCKS 

domain, respectively. PKA can phosphorylate alpha-adducin at S408, S436, and 

S481 as well.165 In this study, the PKA-dependent phosphorylation of adducin was 

detected by performing immunoblots using antibodies recognizing the 

phosphoS726/S662 residues. The signal intensity of the bands normalized to the 

protein levels in the corresponding lane did not appear to be considerably altered for 

phospho(p)-alpha-adducin. Control blots performed using a polyclonal antibody 

recognizing alpha-adducin displayed a similar trend in the total amount of this 

protein, suggesting that the PKA-dependent phosphorylation of alpha-adducin is not 

impaired by H-1152P. In contrast, the levels of phospho-gamma-adducin appeared 

slightly reduced in response to H-1152P, and it was not possible to detect the 

changes in the total level of this isoform. However, increasing the concentration of H-

1152P did not result in a further decrease in the intensity of p-gamma-adducin bands. 

H-1152P treatment therefore appeared less likely to have significantly interfered with 

the PKA-dependent phosphorylation of the gamma-isoform (Figure 18). 
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Figure 18. H-1152P appears less likely to interfere with the PKA-dependent 
phosphorylation of adducin. Representative Western blot showing the levels of alpha- 
and gamma-adducin (Mr approximately 103 and 85 kDa) phosphorylated at Serine 
726 and 662, respectively, in fibroblasts incubated for 4 days with or without H-1152P 
(phospho-adducin). The total level of alpha-adducin in response to H-1152P 
treatment is shown on the right. The lower molecular weight bands on this blot might 
represent degradation products of alpha-adducin or correspond to other proteins 
weakly recognized by the antibody that became detectable after extended film 
exposure. The signal intensity of each band was normalized to the levels of the total 
protein in the corresponding lane (visualized by PonceauS staining). The ratio of the 
normalized signal intensity in treated fibroblasts to the signal intensity in control 
fibroblasts (C) is given below the respective lane. M: Molecular weight marker (in 
kDa). 
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3.2. Effect of ROCK inhibition on retinal cell survival in vitro 
 

 

3.2.1. Time course of cell damage in retinae under serum 

deprivation 
 
Prior to analyzing the effect of the ROCK inhibitor H-1152P on the survival of serum 

deprived retinal cells, it was necessary to determine the time course of cell damage 

under these conditions. For this purpose, isolated retinae were incubated in 

DMEM/F-12 medium without serum and the amount of LDH released from damaged 

cells was measured at certain time points over a 24-hour period.  

 

The percentage of damaged cells, calculated from the ratio of LDH released 

from untreated retinae to the maximal amount of LDH released from retinae 

permeabilized with 1% Triton X-100, amounted to less than 1% after 1 hour. 

However, this value displayed a gradual and significant increase over time (p<0.005 

at all the time points tested in comparison to 1 hour), reaching 12% by the end of 24 

hours (Figure 19). Considering the prominent increase in cell damage within this 

period, we decided to concentrate on the outcomes of H-1152P treatment on the 

survival of retinal cells after 24 hours of serum deprivation, with particular emphasis 

on the fate of the cells in the ganglion cell layer. 

   
Figure 19. Time course of cell damage in retinae under serum deprivation 
determined by LDH release. The amount of LDH released was expressed as the 
percentage of maximum release to estimate the extent of cell damage. The mean 
values were calculated from 4 to 10 independent experiments (see Materials and 
Methods section 2.4.2). 
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3.2.2. Neuroprotective effect of H-1152P on the ganglion cell 

layer 
 
Measurement of LDH release allowed for efficiently screening the time course of cell 

damage in retinae under serum deprivation. However, it was not possible to 

distinguish the response of a certain group of cells in this model. Moreover, the likely 

influence of RhoA on the expression of LDH in neural cells, as suggested by the 

alterations in the isoforms of this enzyme in rat cerebral neurons treated with the 

RhoA inhibitor botulinum C3 transferase,166 rendered this model inappropriate for 

analyzing the effects of ROCK inhibition. The impact of H-1152P treatment on the 

extent of cell damage in the ganglion cell layer was therefore analyzed in isolated 

retinae prepared as flat mounts on cellulose nitrate filters with the ganglion cell layer 

exposed. The damaged cells in these retinae incubated with or without H-1152P for 

24 hours were detected by EthD-1 staining and the ratio of the EthD-1 stained cells 

to the amount of total (DAPI-stained) cells was in turn calculated to determine the 

extent of cell damage.  
 

After 24 hours of incubation without serum, cells strongly stained with EthD-1 

constituted 57% of the total cell population in the GCL of untreated retinae (n=11). 

Treatment with H-1152P at concentrations ranging from 1 to 100 nM failed to induce 

a considerable difference in this high level of damage (n=2 retinae for 1 and 10 nM, 

n=4 retinae for 100 nM). However, the ratio of EthD-1 positive cells was significantly 

reduced to 34% in retinae incubated with 1 µM of H-1152P (n=8, p<0.00005). A mild 

decrease to 44% in cell damage was also observed in retinae that received 20 µM of 

this inhibitor (n=6, p<0.05). Yet, increasing the concentration to 100 µM (n=3) did not 

generate a neuroprotective effect (Figure 20a and b). 

 

To determine the outcomes of H-1152P treatment over a longer incubation 

period, flat mounted retinae were incubated with or without 1 µM H-1152P for 48 

hours and cell damage in the ganglion cell layer was analyzed as above. Serum 

deprivation for 48 hours severely impaired the cell survival in the GCL of untreated 

retinae as demonstrated by the increase in the number of EthD-1 positive cells. This, 

together with the decrease in cell density as seen in the DAPI-staining, accounted for 
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the rise in cell damage to over 70% (n=2). However, treatment with 1 µM H-1152P 

(n=2) significantly reduced this ratio to 40% (Figure 21). 

 

 

            
   

Figure 20. The dose-dependent neuroprotective effect of H-1152P on the ganglion 
cell layer of retinae under serum deprivation. (a) EthD-1 staining of the retinal flat 
mounts to detect the damaged cells after 24 hours incubation with or without the 
ROCK inhibitor H-1152P. DAPI counterstaining was performed to determine the total 
number of cells in the fields analyzed. Bar= 100 µm, (b) Percentage of damaged cells 
in the ganglion cell layer after 24 hours incubation. *p<0.05; ***p<0.001 compared to 
control. 
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Figure 21. H-1152P dependent suppression of cell death in the GCL after 48 hours 
of serum deprivation (a) determined by EthD-1 and DAPI stainings. Note the 
decrease in cell density in untreated controls. (b) Percentage of cell damage after 48 
hours incubation calculated from two independent experiments (see Figure 20 b for 
the 24 hour-incubation period). 
 
 

3.2.3. Reduced caspase-3 activation in response to H-1152P 
 
Staining with the EthD-1 dye allowed for detecting the high degree of damage 

induced by serum deprivation in the ganglion cell layer of isolated retinae, which 

could be suppressed to a certain extent with H-1152P. However, it was not possible 

to differentiate the cells that were committed to apoptosis using this approach. An 

early intracellular event triggered by various apoptotic signals like FasL, TNF-alpha, 

cytochrome-C released from mitochondria, and elevated intracellular calcium is the 

activation of caspase-3 by proteolytic cleavage.167, 168 Based on this, 

immunostainings for cleaved caspase-3 were performed on retinal transverse 

cryosections to detect the extent of apoptosis in all the layers of serum deprived 

retinae treated with or without H-1152P for 24 hours. In untreated retinae, the 

cleaved caspase-3 positive cells constituted 75% of the cells in the ganglion cell 

layer, 41% of the cells in the inner nuclear layer, and 20% of the cells in the outer 

nuclear layer, whereas the addition of 1 µM H-1152P reduced these values to 55% in 

GCL, 20% in INL, and 7.6% in ONL. The intensity of the staining was also reduced 

by approximately 50% in all the layers after H-1152P treatment (Figure 22). 
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(a) 

 
  

 
 

Figure 22. H-1152P reduces the activation of caspase-3 in all the cell layers of 
serum deprived retinae. (a) Cleaved caspase-3 immunostaining on transverse 
sections of retinae incubated without (control, n=2) or with 1 µM H-1152P (n=2) for 
24 hours. Bar= 50 µm (GCL: Ganglion cell layer, IPL: inner plexiform layer, INL: inner 
nuclear layer, OPL: outer plexiform layer, ONL: outer nuclear layer), (b) Percentage 
of cleaved caspase-3 positive cells and (c) the intensity of staining in all the retinal 
cell layers quantified in 4 to 12 sections per retina . 
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3.2.4. Specificity of H-1152P action in mouse retinal cells 
 

To clarify whether H-1152P interferes with the PKA pathway in mouse retinae at a 

concentration of 1 µM, Western blots were carried out to analyze the levels of 

adducin isoforms as well as the ROCK- and PKA-dependent phosphorylation of this 

protein.  

 

The total level of adducin was detected using the polyclonal antibody 

recognizing the alpha- (110 kDa) and gamma- (80 kDa) isoforms. Both of these 

isoforms appeared to be expressed at similar levels in untreated as well as H-1152P 

treated retinae after 24 hours. Additional bands of smaller molecular weights, which 

could represent the degradation products of adducin, were also detected in both 

samples at a similar intensity, suggesting that the H-1152P treatment induced no 

significant difference in the total level of this protein after 24 hours of serum 

deprivation (Figure 23a). 

 

The PKA-dependent phoshorylation of adducin was analyzed using the 

polyclonal antibody recognizing the alpha-, beta-, and gamma-adducin isoforms 

phosphorylated at S726, S713, and S662 in the MARCKS domain, respectively. This 

antibody allowed the detection of three bands with molecular weights corresponding 

to the adducin isoforms in untreated retinae. These bands were also present at 

slightly higher levels in the lysates of retinae treated with 1 µM H-1152P indicating 

that H-1152P at this concentration did not cause a reduction in the PKA-dependent 

phosphorylation of adducin (Figure 23b and d).  

 

The ROCK-dependent phoshorylation of adducin was analyzed using a 

polyclonal antibody which was reported to recognize only the alpha-adducin isoform 

phosphorylated at T445 in the neck domain and the degradation products thereof.169 

In untreated retinae a weak band of 110 kDa presumably corresponding to this 

isoform was indeed detectable. However, a band of approximately 74 kDa which was 

of considerably higher intensity as well as several weaker bands of intermediate and 

lower size were also present. All these bands were found to be expressed at 

approximately 50% lower levels in retinae treated with 1 µM H-1152P (Figure 23c 

and e). This decrease in the ROCK-dependent phosphorylation of adducin in H-
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1152P treated retinae without an accompanying decrease in the PKA-dependent 

phosphorylation and the total level of adducin suggests that H-1152P administered at 

1 µM specifically inhibits the ROCK activity without interfering with the PKA pathway 

in mouse retinae. 

 
Figure 23. H-1152P at 1 µM inhibits the ROCK-pathway without interfering with the 
PKA-pathway in mouse retina. (a-c) Representative Western blots demonstrating the 
levels of adducin phosphorylated at the MARCKS and neck domains by PKA and 
ROCK, respectively. The arrowhead indicates the alpha-isoform. The total level of 
this protein in retinae incubated with (H) or without (C) 1 µM H-1152P for 24 hours is 
shown on the left (adducin). PonceauS staining was performed to verify equal protein 
loading. M: Molecular weight marker (in kDa). Densitometric analysis of the adducin 
isoforms phosphorylated at the MARCKS (d) or neck domains (e) confirms the 
distinct reduction in ROCK activity without a considerable change in PKA activity. 
 

p-adducin 
(MARCKS domain) 

p-adducin 
(neck domain) 

p-adducin 
(MARCKS domain) 
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        Interestingly, adducin was reported to be one of the numerous proteins subject 

to caspase-3 mediated cleavage in cells undergoing apoptosis.170 The potential 

caspase-3 cleavage sites in alpha-adducin and the fragments that can be recognized 

by the phosphorylation domain specific antibodies used in this study are illustrated in 

Figure 24. The 74 kDa fragment, which contains the domain phosphorylated by 

ROCK but not the domain phosphorylated by PKA is of particular interest, since such 

a fragment was indeed reported to be generated by caspase-3 in renal proximal 

tubular epithelial cells undergoing apoptosis.170 The 74 kDa band detected in the 

lysates of serum deprived mouse retinae might therefore be an additional indicator of 

the caspase-3 activity and the decrease in the intensity of this band in response to 

ROCK inhibition might provide further support to the previous findings regarding the 

H-1152P dependent reduction in caspase-3 activation. 

 

  
 
Figure 24. DXXD motifs on alpha-adducin that can be recognized by caspase-3 and 
hypothetical fragments that could be generated by caspase-3 mediated cleavage at 
these sites (adapted from van de Water et al., 2000).170 The fragments that can be 
recognized by the anti-phospho-adducin antibodies used in this study are marked on 
the right. MARCKS: Myristoylated alanine rich kinase.  



3.2. ROCK signaling in retinal cell survival in vitro 
 

 

75 

3.2.5. Decrease in glial cell reactivity in response to ROCK 

inhibition 
 

In order to understand the mechanism by which the retinal cells benefit from H-

1152P-mediated ROCK inhibition, it was necessary to characterise the cellular 

changes induced by this treatment in more detail. Considering the involvement of 

glial cell reactivity in the pathologic course of neuronal damage,62, 171 we focused on 

the response of astrocytes, Müller cells, and microglia in the retina. Therefore, 

immunostainings were initially performed using an antibody against GFAP on retinal 

flat mounts incubated for 24 hours in serum-free medium with or without 1 µM H-

1152P to detect the extent of glial cell activation on the nerve fiber/ganglion cell layer. 

An additional group of retinae, fixed immediately after mounting, served as controls 

reflecting the basal level of astrocytes at the starting conditions (T0).  

 

  GFAP immunostaining at T0 was mainly localized to the spots damaged 

during mounting and appeared very weak in undamaged areas. A significant 

increase was observed in both the number of reactive astrocytes and the intensity of 

GFAP staining, especially around the retinal blood vessels in untreated retinae after 

24 hours of serum deprivation, while the retinae incubated with 1 µM H-1152P 

displayed a weaker staining pattern similar to T0 (Figure 25). 

 

Immunostainings of retinal transverse sections performed to detect the 

response of not only the astrocytes but also the Müller cells also revealed only a few 

GFAP+ cells on the nerve fiber layer (NFL) at T0. Incubation in serum-free medium 

led to the upregulation of GFAP in untreated retinae as demonstrated by the strong 

staining on the NFL and the profound increase in GFAP+ Müller cells. However, 

treatment with H-1152P appeared to suppress this process in a dose-dependent 

manner. Retinae that received 1 µM H-1152P contained considerably less reactive 

astrocytes on the NFL and few activated Müller cells while the retinae treated with 20 

µM of this inhibitor exhibited only a few weakly stained astrocytes on the NFL and 

almost no GFAP+ Müller cells (Figure 26).  
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Figure 25. ROCK inhibition by H-1152P reduces 
astrocyte reactivity. (a) GFAP immunostaining on 
the ganglion cell layer of retinal explants, 
demonstrating the upregulation of GFAP+ 
astrocytes (arrows) especially around retinal blood 
vessels (v) after 24 hours incubation in untreated 
controls, and the H-1152P dependent reduction in 
both the number of reactive astrocytes and the 
intensity of staining to the levels at time point 0 
(T0). Bar= 100 µm. (b) Quantification of the 
number of GFAP+ astrocytes on the flat mounted 
retinae at T0 (n=3), and in retinae incubated in the 
absence (control, n=4) or presence of 1 µM H-
1152P (n=5) for 24 hours. 
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Figure 26. GFAP immunostaining of retinal transverse sections, showing GFAP 
upregulation not only on the nerve fiber layer (NFL), but also in Müller cells (arrows) 
in untreated controls, and the dose-dependent impairment of this process in retinae 
incubated with H-1152P. Bar= 50 µm (IPL: inner plexiform layer, INL: inner nuclear 
layer, OPL: outer plexiform layer, ONL: outer nuclear layer). 
  

 

 

 Upregulation of GFAP in untreated retinae after 24 hours incubation and the 

H-1152P associated decrease were also confirmed by Western blot analysis of the 

corresponding cytoplasmic protein extracts. GFAP is a 49 kDa protein with several 

splice variants, which might be phosphorylated and glycosylated to varying 

degrees,172, 173 resulting in several bands on Western blots. Figure 27 demonstrates 

the significant upregulation of all the detectable isoforms in untreated retinae after 24 

hours compared to T0. Among these isofoms, a band of approximately 37 kDa, which 

could hardly be detected at T0, was of particular interest, since it constituted the main 

portion of the GFAP positive bands in untreated retinae after 24 hours of serum 
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deprivation. In contrast, treatment with 1 µM H-1152P led to a significant reduction of 

32 to 47% in the intensity of the 37 and 49 kDa isoforms, respectively (p<0.04, Figure 

27).  

 

 

 

 

 

Figure 27. ROCK-inhibition induced decrease in the levels of GFAP isoforms. (a) 
Representative immunoblot demonstrating the upregulation of all the detectable 
GFAP isoforms in untreated retinae (C) after 24 hours of serum deprivation 
compared to the initial levels (T0), and the decrease in the intensity of these bands in 
retinae treated with 1 µM H-1152P (H). M: Molecular weight marker in kDa. 
PonceauS staining was performed to verify equal protein loading. The arrowhead 
indicates the approximately 37 kDa isoform which was strongly upregulated in 
untreated retinae after 24 hours of serum deprivation. (b) Densitometric analysis of 
the intensity of the GFAP isoforms, expressed as fold increase with respect to the 
intensity at T0. The mean values were calculated from four independently performed 
blots. The H-1152P-associated decrease in intensity was significant for all the 
isoforms (p<0.04).  
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 As mentioned earlier, the microglia constitute another type of glial cell in the 

CNS playing a critical role in host defense under pathological conditions. In normal 

adult rats, resting microglial cells exhibiting a ramified morphology characterized by 

several long, frequently bifurcated processes, are scattered throughout the ganglion 

cell and the inner plexiform layers. The activation of these cells is marked by the 

acquisition of a more ameboid shape and an increase in proliferation as well as the 

upregulation of certain cell-specific marker proteins, such as the type 3 complement / 

integrin receptor CD11b, which can be detected using the monoclonal antibody clone 

OX-42 or CD11b specific antibodies. To characterize the response of microglia on 

the ganglion cell layer of isolated mouse retinae after serum deprivation, 

immunostainings were performed using an anti-CD11b antibody on freshly prepared 

retinal whole mounts as well as on retinae incubated for 24 hours. 

 

 In freshly prepared retinae, a network of ramified microglia with thin processes 

stained weakly for CD11b could be detected on the ganglion cell layer. However, a 

considerable increase was observed in the levels of this protein after 24 hours of 

serum deprivation. The CD11b-positive microglia in the control group also acquired a 

rounder shape with retracted protrusions. In contrast, the microglia in retinae 

incubated with 1 µM H-1152P exhibited a weaker staining for CD11b and possessed 

longer processes resembling the ramified morphology of quiescent microglia (Figure 

28), suggesting that the treatment with H-1152P also reduces the extent of microglial 

activation in isolated retinae under serum deprivation. 

 

 
 
Figure 28. Representative images of the CD11b immunostaining demonstrating the 
activation of microglia on the ganglion cell layer of retinal whole mounts incubated 
without H-1152P for 24 hours (control). Microglia in retinae treated with 1 µM H-
1152P exhibited a more ramified morphology similar to the quiescent microglia 
detected in freshly prepared retinal whole mounts (T0). Bar = 100 µm.  
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3.2.6. H-1152P induced changes in the levels of proteins 

released from the retina and the optic nerve  
 
In most cases, a white spot located at the position of the excised optic nerve was 

observed in the culture media of untreated retinae after 24 hours of incubation 

without serum. This radially diffusing spot was usually absent in H-1152P treated 

retinae, or was of a smaller size. The position of this spot suggested leakage from 

damaged axons or cells at the optic nerve head, or secretion of soluble proteins 

presumably from non-neuronal cells as seen in the central nervous system following 

nerve injury. Considering this, we wanted to analyze the protein content of the culture 

medium after 24 hours incubation, and the effect of H-1152P treatment.  

 

 SDS-PAGE analysis revealed numerous bands in the incubation medium of 

untreated retinae, the majority of which showed a decreased intensity in H-1152P 

treated samples. The effect of H-1152P treatment on the optic nerve led to even 

more dramatic consequences, leaving almost no proteins detectable in the 

corresponding supernatant in contrast to the incubation medium of the untreated 

nerve. Among the proteins common to the conditioned media of the retina and the 

optic nerve, an approximately 20 kDa band, which also underwent a H-1152P 

dependent reduction, was of particular interest. Certain bands in the incubation 

media of retina or optic nerve, including the 20 kDa band were detected in the lysates 

of these tissues as well (Figure 29). These findings suggested the secretion or 

leakage of various proteins from cells/cell structures present in both the retina and 

the optic nerve, and a decrease in the amount of most of these proteins by ROCK 

inhibition.  
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Figure 29. SDS-PAGE analysis of the culture media and cytoplasmic extracts of 
retinae (R) or optic nerve (ON) after 24 hours incubation with (H) or without 1 µM 
H1152P (C). M: Molecular weight marker (in kDa). 
 

 

3.2.7. Reduction in the toxicity of the conditioned media of 

retina and optic nerve incubated with H-1152P 
 

The source of the soluble proteins detected in the culture medium of both the retina 

and the optic nerve are likely to be the damaged ganglion cell axons, endothelial 

cells, astrocytes, or microglia. Reactive astrocytes and microglia are indeed known to 

produce growth factors and immunomodulatory cytokines, the balance of which being 

critical for neuron survival. Considering this, we wanted to analyze whether the 

medium content after 24 hours-incubation was toxic to retinal cells, and whether 

ROCK inhibition resulted in any difference. With this purpose, pieces of ON (5,8 

mm/ml) were incubated for 24 hours with or without 1 µM H1152P. This conditioned 

medium was then used for incubating freshly prepared retinal explants. As controls, 

retinal explants were coincubated with ON pieces of the same size in fresh medium 

containing or lacking 1 µM H-1152P. The percentage of damaged cells was then 

assessed by EthD-1 staining as described.  
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 As seen in Figure 30, coincubation of ON with the retina yielded similar results 

to those obtained from retinae incubated alone, with a decrease in cell damage in the 

presence of 1 µM H-1152P. However, incubation of the retinae with the conditioned 

medium of optic nerve significantly increased the extent of cell damage to 71% (n=5, 

p<0.02). Addition of H-1152P into this conditioned medium induced a mild but 

insignificant reduction to 62% (n=2). However, the extent of cell damage was found 

to be significantly lower when the conditioned medium of the optic nerve incubated 

with 1 µM of H1152P was used (45%, p<0.006). 

 
        Incubation of freshly prepared retinae with the conditioned medium of untreated 

or H-1152P treated retinae also yielded similar results. The percentage of cell 

damage in the GCL reached 72% in the control group incubated for 24 hours in the 

conditioned medium of untreated retinae (n=3, p<0.05). Addition of H-1152P into this 

conditioned medium induced a slight but insignificant recovery with 58% cell damage 

(n=3). However, the culture medium of the retinae incubated with 1 µM of H-1152P 

resulted in a significantly lower damage of approximately 43% (n=3, p<0.02, Figure 

31). These findings suggested that H-1152P might be exerting its protective effect 

mainly by reducing the amount of certain secreted molecules, and probably to a less 

extent by inhibiting their activity.  
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Figure 30. H-1152P associated decrease in the toxicity of the optic nerve 
conditioned medium. (a) Representative images of the EthD-1 and DAPI stainings in 
the ganglion cell layer (GCL) of retinae incubated with the conditioned medium of 
optic nerve alone (CM) or with the addition of 1 µM H-1152P into this medium 
(CM+H) for 24 hours. Note the reduction in the number of EthD-1 positive cells and 
the intensity of staining in retinae treated with the conditioned medium of optic nerve 
incubated with 1 µM H-1152P (CM(H)) for 24 hours. Bar=100 µm. (b) Quantification 
of the percentage of cell damage in the GCL after 24 hours. Control refers to the 
extent of cell damage in retinae incubated with DMEM/F-12 for 24 hours (see Figure 
13b). ON indicates the retinae that were coincubated with a 5.8 mm piece of optic 
nerve (n=2) whereas ON+H stands for retinae that were coincubated with the optic 
nerve piece in the presence of 1 µM H-1152P (n=3). 
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Figure 31. H-1152P associated decrease in the toxicity of retinal conditioned 
medium. (a) Representative images of the EthD-1 and DAPI stainings in the ganglion 
cell layer (GCL) of retinae incubated with retinal conditioned medium alone (CM) or 
with the addition of 1 µM H-1152P into this medium (CM+H) for 24 hours. The 
number of EthD-1 positive cells and the intensity of staining underwent a 
considerable reduction when the conditioned medium of retinae incubated with 1 µM 
H-1152P (CM(H)) for 24 hours was applied. Bar=100 µm. (b) Quantification of the 
percentage of cell damage in the GCL after 24 hours. Control denotes the extent of 
cell damage in retinae incubated with serum-free DMEM/F-12 for 24 hours (see 
Figure 20b).  
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3.2.8. Characterization of the secreted proteins 
 
To identify the small molecular weight proteins which were released into the 

incubation medium, Western Blot analysis was initially performed for IL-6, IL-10, IFN-

gamma, and EGF using antibodies that were already present in our laboratory. In all 

cases, a strong band of 50 kDa and a relatively weaker band of approximately 30 

kDa as well as some intermediary bands were detected in the supernatant of 

untreated controls, the intensity of which appeared significantly lower in the 

supernatants of H-1152P treated retinae. However, it was difficult to derive a 

conclusion about the role of ROCK inhibition from the levels of these cytokines, since 

the size of especially the major 50 kDa band was considerably larger than the size of 

these cytokines (Figure 32).  

 

 We first interpreted these observations as an artifact, but the repetition of 

these experiments with new samples yielded similar results, and it was less likely to 

be the failure of the antibodies used, since the cytokines loaded onto the gel as 

control could be visualized in the blots as shown for EGF (Figure 32). The possibility 

that these bands represented the dimers or tetramers of cytokines also appeared 

unlikely since the denaturing conditions applied and the presence of beta-

mercaptoethanol were expected to have disrupted such quaternary protein 

structures. Interestingly, these bands disappeared from blots performed under native 

conditions, suggesting that the antibodies might be recognizing some other protein(s) 

that share sequence similarity to the cytokines under denaturing conditions.  

 

 To identify the proteins that bear sequence similarity to these cytokines, a Mus 

musculus protein database was searched using the amino acid sequences of mouse 

EGF, IFN-gamma, IL-6, and IL-10 as query. The proteins that are retrieved for IFN-

gamma, IL-6, and IL-10 are listed in Table 6 together with the percentage of identical 

amino acids as well as the percentage of positive residues and gaps in the alignment 

region. Of particular interest was the ionotropic glutamate receptor delta-1 which was 

found to contain stretches of conserved residues in both interferon-gamma and 

interleukin-10. The database search using EGF amino acid sequence yielded 100 

proteins, among which the low density lipoprotein receptor-related protein, being also 

present in the list of proteins retrieved for IFN-gamma, may deserve further attention. 
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 The low density lipoprotein receptor-related protein, which can exist in a 

soluble as well as a membrane bound form,174 is a multifunctional receptor implicated 

in the regulation of growth factor/cytokine metabolism and is reported to be 

expressed in isolated Müller cells.175 Interestingly, the receptors of many of the 

cytokines can also exist in a soluble form and modify the activity of cytokines by 

acting as agonists or antagonists.176 Aligning the amino acid sequences of IFN-

gamma and IL-6 receptor with the sequences of IFN-gamma and IL-6 has indeed 

shown that these receptors encoded by 400-500 amino acids also share short 

stretches of conserved residues with their respective ligands (Figure 33), suggesting 

that the soluble receptors of the cytokines analyzed here might also have been 

recognized by the antibodies used in the immunoblots.  

 

 

                                                       

                                                    

Figure 32. ROCK inhibition 
significantly reduces the 
release of approximately 50 
and 30 kDa proteins 
recognized by anti-cytokine 
antibodies. Equal volumes 
of the culture media of 
retinae incubated with or 
without 1 µM H1152P (H 
and C, respectively) were 
analyzed by Western blot, 
using antibodies against 
IFN-gamma, IL-6, IL-10, and 
EGF (M: Molecular weight 
standard in kDa, E: 100 ng 
EGF, -: negative control 
incubated with the alkaline 
phosphatase-conjugated 
goat anti-rabbit IgG). 
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Table 6. Mouse proteins sharing conserved regions with  
IFN-gamma, IL-6, and IL-10 

 
Cytokine 
 

Protein 
(GenBank accession number) 
   

Identities 
(%) 

Positives 
(%) 

Gaps  
(%) 

muscle and microspikes RAS 
(NP_032650.1) 

15/68 
 (22%) 

34/68  
(50%) 

 

transcriptional regulator, SIN3B  
(NP_033214.1) 

21/114  
(18%) 

46/114  
(40%) 

15/114 
 (13%) 

vomeronasal 1 receptor, A9 
(NP_444454.1) 

16/64  
(25%) 

31/64  
(48%) 

2/64  
(3%) 

glutamate receptor, ionotropic, delta 1  
(NP_032192.1) 

14/40 
 (35%) 

25/40  
(62%) 

3/40 
 (7%) 

similar to low density lipoprotein  
(XP_926267.1) 

19/74  
(25%) 

34/74 
 (45%) 

8/74  
(10%) 

olfactory receptor 661  
(NP_666959.1) 

27/93 
 (29%) 

41/93  
(44%) 

6/93 
 (6%) 

low density lipoprotein receptor-related protein 
(XP_904952.1) 

19/74 
 (25%) 

34/74 
 (45%) 

8/74 
 (10%) 

 

Zonadhesin 
(NP_035871.1) 

15/43 
 (34%) 

22/43 
 (51%) 

2/43 
 (4%) 

similar to Carboxypeptidase D precursor  
(XP_001001063.1) 

12/36 
 (33%) 

16/36  
(44%) 

 

basic FGF repressed, zinc binding protein 
(NP_061376.1) 

13/34  
(38%) 

18/34 
 (52%) 

 

 

interleukin 20 
(NP_067355.1) 

36/135 
(26%) 

62/135 
 (45%) 

6/135 
 (4%) 

interleukin 19 
(NP_001009940.1) 

28/131 
 (21%) 

60/131 
 (45%) 

5/131  
(3%) 

interleukin 22 
(NP_058667.1) 

26/100 
 (26%) 

49/100  
(49%) 

5/100  
(5%) 

interleukin 10-related T cell-derived inducible 
(NP_473420.1) 

25/100 
 (25%) 

49/100 
 (49%) 

5/100 
 (5%) 

similar to Interleukin-22b  precursor (IL-22b)  
(XP_001000613.1) 

23/85 
 (27%) 

44/85  
(51%) 

5/85 
 (5%) 

dystonin isoform e 
(NP_034211.1) 

23/87 
 (26%) 

42/87  
(48%) 

7/87 
(8%) 

neurobeachin like 1  
(XP_996048.1) 

17/46  
(36%) 

26/46 
 (56%) 

10/46  
(21%) 

glutamate receptor, ionotropic, delta 1  
(NP_032192.1) 

15/46 
 (32%) 

26/46 
 (56%) 

1/46 
 (2%) 

polymerase (RNA) II (DNA directed)  
polypeptide  
(NP_033115.1) 

15/47  
(31%) 

27/47  
(57%) 

3/47  
(6%) 

IFN-gamma 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
IL-6 
 
 
 
 
 
 
 
 
IL-10 

isoprenylcysteine carboxyl methyltransferase  
(NP_598549.1) 

29/97  
(29%) 

41/97 
 (42%) 

14/97  
(14%) 
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(a)  
                    10        20          60         70        80         100  
m_IFNg_rec    MGPQAAAGRMILLVVLMLSAKVGS---CWEYQNMSQTPIFTVQVKVYSGSWTDS—IYEQIMYPDVSAW— 
              :.    : . :: . :.: :  :    :. . .. ..  .    . ...:  :   . :. .. :.  : 
mouse_IFNg    MN----ATHCILALQLFLMAVSG----CYCHGTVIES—LESLNNYFNSSGID---VEEKSLFLDI—W— 

                                          10                     30        40              50 
 

                     120  150   160       170         190              210 
m_IFNg_rec    KVGQKESDYA—LSVL—VVNGESQGTMFGDG-VYVEHNRSGEILHTKHTVEKEE—CELNISVLDSR 
              .  ::..:    ...:      .::   :     :.   :  :.:. .... .       ::::..:. 
mouse_IFNg    RNWQKDGD----MKIL------QSQIISF-----YL---RLFEVLKDNQAISN-------NISVIESHL 
                  60                    70               80                 90 
 
              230       240  280        300  310           380        
m_IFNg_rec    ISSFWQVRTEKSK—TKKNSF—LSVVKS—ESKYSLVTPH—TQRRSFSLL 
              :..:..    .::  .::..:  .:.      .:. . .:. .::..:. :     
mouse_IFNg    ITTFFS----NSK—AKKDAF—MSI---- -AKFEVNNPQ 
               100           110               120   
 
                 380            400     420       430       440   460     
m_IFNg_rec    TQRRSFSLL—SLTAYHSRN—DLESLPNNNSETKMAEHDPPPVRKAP---VGGKES 
              .::..:. :    . . :       . ::…            .::        :.: 
mouse_IFNg    VQRQAFNEL----IRVVH-------QLLPESS------------LRKR-------KRS 
                130                  140                   150 
 
 
 
(b) 
 
                           10             20              30                  
IL6-m         M-----KFLSARDFHPVAFLGL-----MLV---TTTAFPT---SQVRR  GDFTE----- 
              :      .: :    :.. : :     . :   :.:..:    :: :.  ::.                      
sIL6Rm        MLTVGCTLLVALLAAPAVALVLGSCRALEVANGTVTSLPGASGSQNRE—GDYLC----- 
                      10        20        30        40       70  90 
 
               40        50         60               70        80        90 
IL6-m         DTTPNRPVYTTSQVGGLITHVL-W—EIVEMRK-----ELCNGNSDCMNNDDALAENNLKL 
              :. :..:  .  . . :.. .  :  ::.:  :      :: .::   …   : ..::. 
sIL6Rm        DVPPEEPKLSCFRKNPLVNAICEWR-EILEGDKVYHIVSLCVANSVGSKSSHNEAFHSLKM— 
              110       120       130     180       190       200       210 
 
                        100                  110       120       130 
IL6-m         PEIQRN---DGCY-----QTGY----NQE—ICLLKISSGLLEYHSYLEYMKNNLKDNKKDK 
              :.   :   :  :     :  :    ..:  . :: …     :. :. .:. ..   :..                          
sIL6Rm        PDPPANLV-DPSYYLLQFQLRYRPVWSKEFTVLLLPVAQYQCVIHDALRGVKHVVQVRGKEEL 
                   220       250       260       270       280       290        
 
    
                140       150             160           170 
IL6-m         ---ARVLQRDTETLIH-IFNQE-----VKDLHKIVLPTPI----SNAL-------------- 
                 : .:   :.. ..   :.:     :..  .. ::: .    : :.   
sIL6Rm        TTPAGILWNPTQVSVEDSANHE-----VQESSSMSLPTFLVAGGSLAFGLLLCVFIILR--- 
              320       330       340       360       370 
 
 
                  180       190             200       210 
IL6-m         LTDKLESQKEWLRTKTIQ-----FILKSLEE-FLKVTLRSTRQT- 
              : .: .:. :  ..:: .     . :  :.  :: : : . …                    
sIL6Rm        LKQKWKSEAEK-ESKTTSPPPPPYSLGPLKPTFLLVPLLTPHSSG 
               390        400       410       420       430 
 
 
Figure 33. Optimal global alignment of the amino acid sequences of (a) mouse 
interferon-gamma (IFNg) with the mouse IFNg receptor (m_IFNg_rec) and (b) mouse 
IL-6 (IL6-m) with the soluble mouse IL6 receptor (sIL6Rm). The identical amino acids 
are matched with “:” whereas “.” Denotes conservative replacement. 
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3.2.9. Changes in the cytokine profile of the conditioned 

medium of the retina and optic nerve in response to ROCK-

Inhibition 
 
To analyze the cytokine profile of the culture medium after the 24-hour incubation of 

retinae in serum-free medium, a membrane-based cytokine array which allowed for 

the simultaneous detection of 22 mouse cytokines was utilized. Incubation of the 

retinae in the presence of 1 µM H-1152P led to a significant reduction in the amount 

of 11 of the cytokines that could be detected in the culture medium using this array. 

Among these, the cytokines IL-3, IL-6, and TNF-alpha were reduced by 

approximately 30% in a H-1152P dependent way whereas the levels of GM-CSF, IL-

5, IL-9, IL-13, IFN-gamma, SCF, soluble TNF receptor (STNFR)1, and 

thrombopoietin exhibited a 15% decrease (p<0.05, Figure 34). 

 
 To confirm these results and to determine the concentrations of the cytokines 

in the culture supernatants of the retinae and the optic nerve, we also had our 

samples analyzed with the Bio-Plex multiple cytokine array system by the Bio-Rad 

Laboratories. The Bio-Plex flow-cytometric mouse cytokine array allowed for the 

simultaneous detection of 18 mouse cytokines. In the culture media of retinae, 8 of 

these cytokines were below the measurable range. All the other cytokines, with the 

exception of IL-1a, IL-12 (p70) and MIP-1a were increased at least 1.5 fold in the 

supernatants of untreated retinae compared to H-1152P treated samples. Of 

particular interest were the cytokines IL-1beta, IL-3, IL-4, IL-10, and TNF-alpha, 

which were reduced by at least 40% in response to ROCK inhibition. The 

concentrations of all these cytokines were in pg/ml, which might explain our failure to 

detect a band corresponding to these cytokines on Western blots. The optic nerve 

supernatants contained even lower concentrations of cytokines, with IL-1a, IL-12, 

and MIP-1a being the only detectable ones. Here, IL-12 (p40) showed a 2.3 fold 

increase in H-1152P treated samples, and MIP-1a had a 1.3 fold higher 

concentration in controls (Table 7).  
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(a) 

 
(b) 

 
Figure 34. Cytokine profile of the retinal conditioned medium (a) Representative 
images of the spots corresponding to various cytokines on membranes incubated 
with the conditioned medium of untreated retinae (C) or retina incubated with 1 µM H-
1152P (H). The positive controls on each membrane are shown to allow the 
comparison of the spot intensity on different membranes. (b) Cytokine intensity in 
response to H-1152P treatment. The mean intensity value for each cytokine, 
calculated from 6 independent experiments, is expressed as the percentage of the 
intensity of that cytokine in untreated controls. Cytokines that were significantly 
reduced (p<0.05) by H-1152P are denoted in black. 
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Table 7. Cytokine concentrations (pg/ml) in the culture media 

after 24 hours measured by Bio-Plex assay 
 Retina Optic Nerve 

Cytokine Control 1 µM H1152P Control 1 µM H1152P 

G-CSF - - - - 

GM-CSF - - - - 

IFN-gamma 0,88 - - - 

IL-1° 3,86 3,72 *0,17 *0,21 

IL-1b 10,17 4,8 - - 

IL-2 - - - - 

IL-3 21,33 7,29 - - 

IL-4 52,62 31,37 - - 

IL-5 - - - - 

IL-6 - - - - 

IL-10 73,67 41,85 - - 

IL-12 (p40) 7,17 4,31 1,18 2,78 

IL-12 (p70) 1,97 1,87 - *0,15 

IL-17 - - - - 

KC - - - - 

MIP-1a 14,61 13,7 14,61 10,9 

TNF-alpha 19,62 10,49 - - 

RANTES - - - - 

G-CSF: Granulocyte-colony stimulating factor, GM-CSF: Granulocyte-macrophage 
CSF, IFN-gamma: Interferon-gamma; IL: Interleukin; KC: Keratinocyte-derived 
chemokine, MIP-1a: Macrophage inflammatory protein-1 alpha, TNF-alpha: Tumor 
necrosis factor alpha; RANTES: Regulated upon activation normal T-cell expressed 
and secreted; *value extrapolated beyond the standard range; - value below the 
detectable range. 
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3.2.10. Effect of H-1152P in the presence of exogenous 

glutathione 
 
So far, we were able to demonstrate the neuroprotective effect of H-1152P on retinal 

cells in a very stringent experimental model which combined axotomy with depletion 

of trophic support. To improve the culture conditions and to analyze the impact of H-

1152P treatment under less severe circumstances, the incubation medium was 

supplied with the antioxidant glutathione (GSH) and the ratio of EthD-1 positive cells 

in the ganglion cell layer of retinae incubated with or without H-1152P for 24 hours 

was determined.  

 

 Administration of glutathione into the serum-free medium induced a mild but 

insignificant decrease in the percentage of cell damage in untreated retinae (n=5) as 

well as in retinae incubated with 0.1 (n=2) and 1 µM H-1152P (n=5). However, 

exogenous glutathione significantly enhanced the neuroprotective effect of 20 µM H-

1152P, with the extent of cell damage decreasing from 44% (20 µM H-1152P without 

glutathione) to 29.5% (n=5, p<0.03, Figure 35).  

 

  
Figure 35. Effect of exogenous glutathione (GSH, 1 mg/ml) on cell survival in the 
ganglion cell layer of retinae incubated in serum-free medium for 24 hours. *p<0.03. 
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3.2.11. Effect of H-1152P on the level of total glutathione after 

24 hours of serum deprivation 
 
Having observed a glutathione dependent improvement in the neuroprotective effect 

of 20 µM H-1152P, we wanted to analyze the effect of H-1152P on the levels of this 

antioxidant after 24 hours of serum-deprivation. With this purpose, a colorimetric 

assay was used for measuring the levels of total (oxidized and reduced) glutathione 

in freshly isolated retinae as well as in retinae incubated without serum for 24 hours. 

 

 Figure 36 demonstrates that the 24-hour incubation in serum-free medium 

caused a 55% decrease in the level of total glutathione in both untreated retinae and 

in retinae that received 1 µM of H-1152P whereas treatment with 20 µM H-1152P 

decreased the glutathione levels by 67%.  
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Figure 36. The effect of 24-hour serum deprivation and H-1152P treatment on the 
level of total (oxidized and reduced) glutathione in retinae. The amount of glutathione 
after each treatment is expressed as the percentage of the initial level (at T0). 
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3.3. Effect of ROCK-inhibition on RGC-5 cells 
 
 

3.3.1. Concentration dependent effects of H-1152P on the 

survival of serum starved RGC-5 cells 
 
The results obtained on isolated mouse retinae favored the view that ROCK inhibition 

promotes the survival of retinal cells mainly by suppressing glial cell reactivity. 

However, the direct effect of ROCK inhibition on retinal neurons, and in particular the 

RGCs, remained unclear. To elucidate this question, the transformed rat ganglion cell 

line RGC-5, which offers an easy alternative to study the response of retinal ganglion 

cells in vitro was utilized.153 The cells were incubated without serum to simulate the 

depletion of trophic support to the retinal ganglion cells as observed upon injury to 

the optic nerve in vivo. The extent of cell damage in RGC-5 cells incubated without 

serum for 3 to 5 days with various concentrations of H-1152P was then determined 

by EthD-1 and DAPI stainings. 
 

In contrast to the retinal cells of the NMRI mice, the RGC-5 cells proved to be 

very robust and were able to proliferate even in the absence of serum (see the DAPI 

stainings of untreated cells after 3 and 5 days in Figure 29). After 3 days, only 15% of 

the cells in the control group were distinctly stained with EthD-1. H-1152P exerted a 

moderate protective effect resulting in 9% cell damage when introduced at 100 nM 

and significantly reduced the cell damage to 5% when administered at 1 µM 

(p<0.01). However, increasing the concentration to 10 and 20 µM led to dramatic 

alterations in cell morphology characterized by a 2-3 fold increase in cell diameter. In 

addition, a marked reduction amounting approximately to a factor of 15 was observed 

in the number of cells that remained in the wells after 3 days of incubation with H-

1152P at these concentrations. The proportion of EthD-1 stained cells underwent a 

dramatical increase reaching 42% (p<0.02) and 50% in groups treated with 10 and 

20 µM of H-1152P, respectively. Incubation with H-1152P at concentrations above 10 

µM also led to the fragmentation of nuclei in the majority of the cells as demonstrated 

by the DAPI-stainings (Figure 37). 
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 The extent of cell damage after five days of serum deprivation spread to 23% 

of the cells in untreated controls. The protective effect of H-1152P at 100 nM and 1 

µM concentrations became more significant at this time point, with decreases in this 

value to 11% (p<0.01) and 9% (p<0.02), respectively. However, the dramatic 

increases in cell volume and the amount of fragmented nuclei after treatment with 10 

and 20 µM of H-1152P were discernible at this time point as well, associated with a 

further rise in cell damage to 69% (p<0.01) and 77%, respectively (Figure 37). 

(a) 

       
(b) 

   

Figure 37. (a) Concentration 
dependent effect of H-1152P 
on the survival of serum 
starved RGC-5 cells after 3 
and 5 days determined by 
EthD-1 and DAPI stainings. 
Bar= 100 µm. (b) Percentage 
of damaged (EthD-1 positive) 
RGC-5 cells. *:p<0.02; 
**p<0.01. 
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3.3.2. Reduced caspase-3 activation in serum starved RGC-5 

cells treated with H-1152P 
 

Having observed an approximately 60% reduction in the extent of cell damage in 

RGC-5 cells incubated with 1 µM H-1152P, we wanted to investigate the impact of H-

1152P treatment on the progress of apoptosis in these cells. With this purpose, 

immunostaining for cleaved caspase-3 was performed on cells grown without serum 

for 1 to 5 days. After 1 day, 5% of the untreated cells were stained positively for 

cleaved caspase-3 and the administration of H-1152P at 1 µM caused no 

considerable difference. After 2 days, this value was doubled in the controls and 

significantly reduced to 6.47% (p<0.03) in cells treated with 1 µM H-1152P. These 

ratios remained unaltered until the end of day 3 whereas after day 5 the H-1152P 

associated decrease appeared to be no longer significant (Figure 38). 

 

 

3.3.3. Specificity of H-1152P action in RGC-5 cells 
 

To identify the signaling pathway that is primarily targeted by H-1152P at a 

concentration of 1 µM, immunostainings were performed with the adducin antibodies 

recognizing distinct domains phosphorylated by ROCK and PKA.  

 

 After 1 day of serum deprivation, a cytoplasmic staining of varying intensity 

was observed with the p-(S726)adducin antibody in RGC-5 cells regardless of the 

treatment. The intensity of this staining underwent a gradual decrease over 5 days in 

untreated cells whereas strongly stained cells were still discernible in the H-1152P 

treated group at this time point, suggesting that the treatment with 1 µM of H-1152P 

did not interfere with the PKA-dependent phosphorylation of adducin. Interestingly, 

both the untreated and the H-1152P treated cells that exhibited a particularly strong 

staining appeared to have condensed nuclei characteristic of apoptotic cells (Figure 

39). 

 

The immunostainings with the p-(T445)adducin antibody revealed some 

strongly stained cells in untreated controls, the number of which considerably 
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increased after 3 and 5 days. In contrast, only a few positively stained cells could be 

detected in the group treated with 1 µM H-1152P, suggesting the inhibition of the 

ROCK-dependent phosphorylation of adducin in the latter group. Untreated cells that 

were strongly stained with this antibody also exhibited condensed or fragmented 

nuclei especially during the first two days of incubation. However, the nuclei of p-

(T445)adducin positive cells treated with H-1152P appeared to have undergone less 

shrinkage particularly at the end of day 1 and 2 (Figure 40). 

(a) 

 
  (b) 

  

Figure 38. Extent of caspase-3 
activation in serum deprived RGC-
5 cells. (a) Immunostainings for 
cleaved caspase-3 (CC3) on cells 
treated with or without H-1152P 
for 1 to 5 days. Bar= 100 µm. (b) 
Percentage of cleaved caspase-3 
positive cells calculated from two 
independent experiments with 
duplicates for each treatment 
group. **p<0.03. 
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Figure 39.  Merged images of the p-(S726)adducin immunostaining (red) with DAPI-
staining (green) demonstrating the PKA-mediated phosphorylation of adducin as an 
indicator of PKA activity in RGC-5 cells treated with or without H-1152P for 1 to 5 
days. Note the condensed nuclei in both untreated and H-1152P treated cells which 
exhibit a very strong cytoplasmic immunostaining for p-(S726)adducin. Bar=100 µm. 
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Figure 40. Merged images of the p-(T445)adducin immunostaining (red) with DAPI-
staining (green) demonstrating the H-1152P dependent decrease in the ROCK-
mediated phosphorylation of adducin in RGC-5 cells incubated for 1 to 5 days. Note 
that the nuclei of the H-1152P treated cells positively stained with this antibody do 
not exhibit a dramatic condensation as opposed to the untreated cells during the first 
2 days of incubation. Bar=100 µm. 
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3.4. Effect of ROCK-inhibition on retinal ganglion cell survival 

after optic nerve crush 
 

 Based on the in vitro findings demonstrating the neuroprotective potential of H-

1152P on retinal cells, we wanted to analyze the outcomes of H-1152P treatment on 

retinal ganglion cells in a degenerating model in vivo. With this purpose, unilateral 

optic nerve crush was performed in collaboration with Dr. Frank Schüttauf (University 

Eye Hospital, Tübingen) on rats that received intraocular injections of H-1152P (1-

100 µM) or PBS. Five days after the operation, the retrograde tracer Fluorogold was 

injected into the Superior colliculus to label the RGCs. The quantification of the 

surviving RGCs as well as the immunohistochemical analysis of glial cell reactivity 

were performed 1 week after the crush. 

 

In rats that received an intraocular injection of PBS prior to the optic nerve 

crush, a 53% reduction was detected in the density of the retrogradely labelled RGCs 

in comparison to the sham-operated eyes. This considerable cell loss was 

accompanied by a notable glial cell reactivity, demonstrated by the strong GFAP 

expression in the nerve fiber layer and in Müller cells as well as the presence of 

CD11b positive microglia particularly in the inner and outer plexiform layers. 

However, injection of 1 µM H-1152P led to a 1.6 fold increase in the density of the 

fluorogold positive RGCs together with a decrease in the reactivity of particularly the 

Müller cells and microglia compared to controls. Yet, similar to the in vitro 

observations, the neuroprotective effect of H-1152P was gradually weakened when 

the inhibitor was administered at higher concentrations prior to the optic nerve crush, 

with 100 µM of this inhibitor resulting in almost the same degree of cell loss as 

observed in PBS-treated rats (Figure 41).  
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Figure 41. H-1152P promotes the survival of RGCs in a dose-dependent manner 
and reduces the glial cell reactivity after optic nerve crush (ONC). (a) Density of 
RGCs 7 days after ONC. The error bars represent the standard deviation of the RGC 
density determined in two rats for each group. (b) Immunostainings for GFAP and 
CD11b on transverse sections of retinae 7 days following ONC, demonstrating the H-
1152P associated decrease in the reactivity of GFAP+ astrocytes in the nerve fiber 
layer and in Müller cells (arrows) as well as the CD11b+ microglia in the inner and 
outer plexiform layers compared to the retina of a rat injected with PBS prior to ONC. 
“Negative” denotes a section from the H-1152P treated retina incubated without the 
CD11b antibody. Bar= 50 µm.  
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4. DISCUSSION  
 
 
4.1. Influence of ROCK-signaling on the wound healing 

activities of human Tenon’s capsule fibroblasts 
 

The postoperative wound healing activities executed by Tenon's capsule 

fibroblasts result in the occlusion of the aqueous humor drainage channel created by 

glaucoma filtration surgery and account for the failure in lowering IOP. The present 

study provides further insight into the role of ROCK-mediated signaling in the 

regulation of the wound healing activities of human Tenon’s capsule fibroblasts in 

vitro. Incubation of these cells with H-1152P, a highly potent inhibitor of ROCK, 

resulted in a dose-dependent reduction in the assembly of stress fibers, the 

contractile bundles of actin and myosin II which generate the tension within the 

cytoskeleton required for the dynamic events. This inhibitor also significantly impaired 

the proliferation, migration, and contractility of Tenon’s capsule fibroblasts without 

inducing toxic effects.   

 

The antiproliferative effect of H-1152P on Tenon’s capsule fibroblasts was 

demonstrated by measuring BrdU incorporation and analyzing Ki-67 expression, 

which both showed an 80-90% decrease after 4 days of incubation with 10 µM of this 

inhibitor. Owing to the absence of significant toxic effects in any of the groups, the H-

1152P associated decrease in the cleavage of MTT, as determined by the MTT test, 

can also be interpreted as a reduction of the mitotic activity in these cells. However, 

the maximal decrease under these conditions was estimated to be 60% by the latter 

method. This discrepancy might have arisen from the parameters quantified by each 

procedure. The first two methods measure the extent of events which are hallmarks 

of cell proliferation158, 177 whereas the MTT test allows for the estimation of viable cell 

amount based on the activity of mitochondrial dehydrogenases.154 However, the 

mitochondrial activity may not proceed at the same level in all phases of the cell 
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cycle, as suggested by a study showing the decrease in adenosine triphosphatase 

function in HeLa cells during the S-phase and mitosis particularly within the 

endoplasmic reticulum and mitochondria.178 A possible reduction in the activity of 

mitochondrial dehydrogenases during the proliferative stages might therefore have 

obscured the real amount of fibroblasts undergoing these phases in our assays. The 

MTT test nevertheless allowed for efficiently screening large amount of samples for 

the overall trend in cell proliferation or survival. 

 

 Regardless of the detection method used, the decrease in cell proliferation 

after continuous exposure to H-1152P for 4 days gained more significance in cells 

plated at lower densities (Figures 10 and 11), possibly due to contact-inhibition at 

high seeding densities, which might have withdrawn the cells from further division 

and accounted for a less prominent difference between the treated and untreated 

groups. However, a one-day exposure to this inhibitor was not as effective in 

suppressing the proliferation occurring on the following 3 days (Figure 13), especially 

under low density-seeding conditions that favoured cell division, indicating that the 

continuous exposure to H-1152P is necessary to cause a stronger inhibitory effect on 

proliferation. These findings also suggest that H-1152P present in the medium for 4 

days is still able to exert an anti-proliferative effect. The significant reduction in BrdU 

incorporation between days 3 and 4 in cells incubated with H-1152P without 

replenishing this inhibitor provides further support for this view. The half-life of H-

1152P under different cell-culture conditions or in vivo is to our knowledge not 

determined yet. However, the findings on Tenon’s capsule fibroblasts reported in this 

study provide evidence for the stability of H-1152P even though it was not possible to 

predict the exact amount of the inhibitor that remained active after 4 days in culture. 

 

Administration of H-1152P also suppressed the migration of Tenon’s capsule 

fibroblasts on a restrained collagen matrix and into a wound area created in cell 

monolayers. Though it was not possible to exclude the contribution of cell 

proliferation from the outcomes, the majority of the cells treated with the ROCK 

inhibitor exhibited features suggestive of an impairment in motility, such as the 

absence of a distinct leading or trailing edge. The ROCK-pathway indeed plays an 

essential role in the protrusion of the leading edge in fibroblasts via clustering 

integrins, the receptors for ECM components like collagen and fibronectin, to the end 
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of stress fibers, and forming focal adhesions enabling the cells to adhere to the 

substratum.138, 179, 180 Furthermore, ROCK activity coordinates the retraction of the 

cell rear by localizing integrin to the leading edge of migrating monocytes and 

promoting actomyosin-based contractility.181 The H-1152P induced decrease in the 

amount of fibronectin deposited into ECM was another remarkable event detected in 

these migration assays. Fibronectin fibrils constitute a considerable portion of the 

wound matrix, promoting cell adhesion and providing a substrate for migration.182 

Assembly of the fibronectin network requires the interactions between this protein 

and integrin receptors as well as an intact actin cytoskeleton,183 which is mediated by 

RhoA in a variety of cell types.184 The findings obtained using H-1152P suggest the 

involvement of ROCK-signaling in the assembly of a fibronectin network by human 

Tenon’s capsule fibroblasts, the impairment of which might have contributed to the 

reduction in the motility of these cells.  

 

Fibroblasts cultured in collagen matrices have served as useful models to 

study wound contraction in vitro. The contraction of these gels appears to rely on the 

tractional forces generated by motile cells as the cells try to migrate through the 

matrix by drawing the proximal collagen fibers185, 186 as well as on the adhesive 

interactions between cells and matrix.187, 188 Untreated Tenon’s capsule fibroblasts 

within a floating 3D-matrix extended rigid protrusions in contrast to the H-1152P 

treated cells. The distortion of these processes in the latter group of fibroblasts, 

possibly due to cytoskeletal instability, might have hindered the establishment of 

strong connections with the matrix and accounted for the H-1152P dependent 

reduction in lattice contraction. H-1152P also induced a less dense cellular 

organization and impaired the assembly of the fibronectin network within the gels. 

Fibronectin was indeed reported to be one of the factors promoting collagen matrix 

contraction.189 However, cellular fibronectin, rather than the serum isoform was found 

to be required for this process.190, 191 The H-1152P induced decrease in the assembly 

of a fibronectin matrix may suggest an association between the expression of this 

protein and ROCK activity in Tenon’s capsule fibroblasts, which remains to be 

investigated.  

 

H-1152P is a very potent and specific ROCK inhibitor with a K(i) value of 1.6 

nM for Rho-kinase, 630 nM for protein kinase A, 9.270 µM for protein kinase C, and 
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10.1 µM for myosin light chain kinase in cell-free assays. However, higher 

concentrations of this inhibitor ranging between 0.1-10 µM were required for the 

suppression of ROCK in NT-2 cells,163 possibly due to competition with intracellular 

ATP present at the micromolar range.192 The observations on Tenon’s capsule 

fibroblasts support these findings and underscore the need for high doses of this 

molecule for ROCK-inhibition in cell-based assays. However, this increases the risk 

of unintentionally targeting other kinases, with PKA being the most likely candidate 

owing to the relatively lower Ki value of H-1152P for this kinase. PKA is a 

ubiquituously expressed intracellular signaling molecule that regulates ion channel 

conductivity, gene transcription, cell metabolism, actin cytoskeletal dynamics, and 

migration.193 PKA can also directly phosphorylate and inactivate RhoA.194, 195 This 

broad spectrum of functions, some of which antagonizing the activity of ROCK, may 

therefore give rise to complications or weaken the effects when an inhibitor showing 

differential affinity for both kinases is applied at high concentrations. To ascertain that 

the PKA pathway was not influenced by H-1152P in Tenon’s capsule fibroblasts, the 

phosphorylation level of adducin isoforms at S726/S662 was analyzed as an 

indicator of PKA activity. The PKA mediated phosphorylation of adducin mainly at 

S726 causes its dissociation from the F-actin cytoskeleton in vitro. The supernatants 

of the cell lysates collected after centrifugation at 12000 rcf in this study are expected 

to contain both the cytoskeleton bound and the dissociated forms of adducin.196 

Immunoblots performed using these extracts revealed no significant change in the 

levels of p-alpha-adducin and only a slight decrease in the level of p-gamma-adducin 

that did not become more pronounced at increasing concentrations of H-1152P. 

Though the reason of this decrease remains to be elucidated, these findings favour 

the view that H-1152P exerted its effects on Tenon’s capsule fibroblasts without 

considerably interfering with PKA activity at the concentrations tested. 

 

Taken together, these data demonstrate that ROCK is involved in the 

execution of essential dynamic events in human Tenon’s capsule fibroblasts and H-

1152P specifically inhibits this multifunctional kinase without inducing toxic effects. 

This, in turn, highlights the potential of H-1152P as an effective and safe means of 

suppressing the undesirable wound healing activities of these cells for improving the 

success rate of glaucoma filtration surgery. 
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4.2. Influence of ROCK-signaling on retinal cell survival 
 

The rearrangements in the actin cytoskeleton which underly the morphological 

changes in apoptosis and axon retraction are regulated mainly by the activation of 

RhoA and its downstream effector ROCK. Inhibition of the ROCK-mediated signaling 

therefore emerges as an effective therapeutic strategy for promoting not only 

neuronal survival but also axon regeneration and deserves further investigation. 

Here, we aimed to analyze the influence of this signaling pathway on retinal cell 

survival and to characterize certain intra- and extracellular changes associated with it 

by using the ROCK inhibitor H-1152P in mouse retinal explant cultures as well as on 

a transformed retinal ganglion cell line and prior to optic nerve crush. These analyses 

were also necessary for evaluating the safety of H-1152P on retinal cells before 

considering the pharmacological use of this inhibitor for suppressing the wound 

healing activities of Tenon’s capsule fibroblasts.  

 

4.2.1. Effect of ROCK inhibition on retinal cell survival in 

isolated mouse retinae under serum deprivation 
 
The axotomy of the ganglion cells in the retinal explant culture model deprives the 

cells of their efferent synapses and trophic support, and results in the retrograde 

death of the ganglion cell bodies. However, the preservation of the multilayered 

retinal cell architecture to a greater extent in this model197 allowed for studying the 

response of the various cell types to treatment. The extent of cell damage under 

these stringent conditions, as determined by the ethidium homodimer-1 staining 

reached 57% in the ganglion cell layer of untreated retinae after 24 hours. The 

severity of cell damage might be even higher than this estimation, as suggested by 

the cleaved-caspase 3 immunostaining demonstrating 75% of the cells in the 

ganglion cell layer to be positive for this apoptosis executer. However, the intensity of 

the cleaved-caspase 3 immunostaining was not of equal strength in all the cells, as 

reflected by the standard deviations. This in turn points to the possibility that the cells 

in a certain retinal layer might be undergoing different phases of apoptosis. Since the 

cell membrane permeability is not dramatically altered in the early phases of 
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apoptosis, cells at this stage are likely to have little or no ethidium homodimer-1 

uptake, accounting for the relatively low value for the extent of cell damage 

determined by this staining. 
 

The high rate of cell damage, possibly due to the combination of serum 

deprivation with axotomy, is very likely to be alleviated by improving the culture 

conditions. Supplying the medium with serum or growth factors would allow for a 

higher rate of cell survival and is indeed indispensable when longer incubations are 

considered. However, even under these unfavorable conditions, administration of H-

1152P at 1 µM resulted in a significant reduction by 40% in the extent of cells stained 

with ethidium homodimer-1 and 27% in the amount of cleaved-caspase 3 positive 

cells in the ganglion cell layer after 24 hours. This protective effect on axotomized 

ganglion cells and presumably the displaced amacrine cells prompted us to 

concentrate our work on the characterization of the intra- and extracellular changes 

induced by 1 µM of this inhibitor. 

 

Being very critical determinants of neuronal homeostasis as well as the 

degree of secondary injury after a primary damage or stress in the CNS, reactive 

astrocytes play fundamental roles in neuronal survival.96 Astrocyte reactivity after 

CNS injury is characterized by an increase in astrocyte proliferation and the 

upregulation of the intermediate filament GFAP.60 Immunostainings performed using 

anti-GFAP antibodies on serum-deprived mouse retinae demonstrated increased 

astrocyte reactivity particularly around the retinal vasculature in untreated controls, 

similar to the case observed in glaucomatous human eyes.62 This increase might 

bear pathological significance, since reactive astrocytes are known to produce 

extracellular matrix molecules like elastin and tenascin as well as the 

mitogen/vasoconstrictor endothelin, the accumulation of which around the blood 

vessels might impair retinal perfusion.45, 198 On the other hand, incubating retinal 

explants with H-1152P allowed for the maintenance of the GFAP levels closer to the 

basal values and led to a reduction in the reactivity of both the astrocytes particularly 

around the retinal blood vessels and the Müller cells.  
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The suppression of GFAP upregulation in the presence of H-1152P suggests 

that ROCK signaling may be involved in the regulation of GFAP expression. Among 

the various modulators of GFAP expression, epidermal growth factor, transforming 

growth factor-beta, and fibroblast growth factor are known to activate the RhoA 

pathway to regulate diverse cellular events.199-202 The decrease in the number of 

GFAP+ astrocytes after H-1152P treatment might also be attributed to the 

impairment of astrocyte proliferation, considering that the ROCK mediated 

phosphorylation of GFAP is necessary for the cytokinetic segregation of glial 

filaments.203 To investigate the outcomes of H-1152P treatment on astrocyte/Müller 

cell proliferation, we are planning to incubate the retinae with BrdU in the absence or 

presence of H-1152P, and detect the proliferating cells that have incorporated BrdU 

into their DNA by performing double-immunohistochemistry using antibodies 

recognizing BrdU and cell-specific antigens. 

 

The Western blot analysis suggests that the upregulation of GFAP in isolated 

retinae under serum deprivation is confined particularly to the lower molecular weight 

isoforms. Such isoform specific differences, arising presumably from post-

translational modifications of GFAP, have been related to the course of various 

neurodegenerative disorders. For instance, the increase in the levels of the smaller 

molecular weight GFAP isoforms in the spinal cord of motor neuron degeneration 

(Mnd) mice correlates with the degenerative loss of motor neurons and the onset of 

behavioral paralytic gait in these animals. These lower molecular weight isoforms are 

likely to be generated by the phosphorylation of GFAP at the head domain via 

unknown factors and the subsequent cleavage of the full length protein.204 The 

hyperphosphorylation of GFAP was indeed observed in rat hippocampus after 

transient global cerebral ischemia,205 and a 60% increase in the amount of more 

acidic GFAP isoforms, which were both phosphorylated and N-glycosylated, was 

detected in the post-mortem brains of Alzheimer’s disease patients.173 The ROCK-

inhibition dependent decrease in the levels of not only the full-length 49 kDa protein, 

but also the lower molecular weight GFAP isoforms might therefore suggest a 

possible interference with the post-translational modifications of GFAP, such as its 

phosphorylation at the head domain, which is also worthy of investigation.  



4.2.1. ROCK signaling in serum-deprived retinae in vitro 
 

 

109 

Interestingly, inhibition of the ROCK pathway in astrocytes leads to 

cytoskeletal rearrangements characterized by the loss of actin stress fibers and focal 

adhesions, which promote astrocyte stellation.206 Though this finding may sound 

contradictory to our results at first, it may accentuate the therapeutic potential of 

ROCK inhibition on promoting neuronal survival. By favoring astrocyte stellation, 

ROCK inhibition may help to preserve the basal astrocyte network that allows for the 

interaction of astrocytes with neurons and endothelial cells, which is critical for the 

maintenance of normal neuronal activity and blood-brain barrier. On the other hand, 

ROCK-inhibition reduces the extent of astrocyte and Müller cell reactivity by 

interfering with GFAP upregulation and/or possibly cell proliferation. This may in turn 

decrease the amount of reactive oxygen species, matrix metalloproteinases, and 

proinflammatory cytokines released by reactive glial cells and help to limit the spread 

of secondary damage after CNS injury. 

 

 The hypothesis suggesting that ROCK-inhibition protects the retinal cells 

indirectly by suppressing the reactivity of glial cells and the possibly associated 

release of certain proteins/molecules is further supported by the findings 

demonstrating the H-1152P associated decrease in the release of various proteins 

into the culture media of retinae and optic nerve, and the reduction in the toxicity of 

these conditioned media. The 24-hour incubation of freshly prepared retinae with the 

conditioned medium of untreated retinae gave rise to a significant increase in the 

extent of cell damage from 57% to 72% (p<0.05, Figure 30). This considerable 

increase in cell damage could not be solely attributed to the molecules released from 

the untreated retinae, since the 24-hour incubation period of the retinae was 

expected to result in the uptake of nutrients, and the release of metabolic wastes, 

both of which decreasing the quality of the medium. However, the culture medium of 

the retinae incubated with 1 µM of H-1152P resulted in a significantly lower damage 

of approximately 43%, suggesting the presence of other factors apart from the quality 

of the medium, which could be altered in the presence of H-1152P. Addition of the 

ROCK-inhibitor later into the conditioned medium from untreated retinae appeared 

less effective in promoting recovery, with 58% cell damage in the ganglion cell layer. 

The incubations with the conditioned media of optic nerve pieces also yielded similar 

results, favoring the view that H-1152P might be exerting its protective effect mainly 
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by reducing the amount of certain secreted molecules, and probably to a less extent 

by directly inhibiting their activity.  

 

The further analysis of these conditioned media by both a membrane-based 

and a flow-cytometric cytokine array demonstrated the release of various cytokines 

into the culture medium after 24 hours of serum deprivation. Despite some 

differences in the detection range of these assays, possibly due to the antibodies 

used in each procedure, the majority of the cytokines were found to be present at 

higher concentrations in untreated controls compared to the H-1152P treated retinae. 

Among the cytokines which underwent a significant reduction in response to H-

1152P, TNF-alpha is a major proinflammatory molecule upregulated in glaucomatous 

retinae and optic nerve heads, and a key inducer of the retinal ganglion and lamina 

cribrosa cell death.71, 83, 207 TNF-alpha, IL-1beta, and IFN-gamma also activate the 

inducible nitric oxide synthase in glia,208 causing massive NO production which 

destroys the neighbouring cells. Furthermore, IFN-gamma regulates the synthesis of 

various cytokines and increases the immunogenic capacity of human brain and 

lamina cribrosa astrocytes which might be responsible for an autoimmune 

response.92 Likewise, overexpression of IL-3 in transgenic mice causes an 

autoimmune reaction to motor neurons with several features of amyotrophic lateral 

sclerosis and progressive muscular atrophy.209 IL-4 was reported to aggravate 

experimental autoimmune uveitis in rats210 whereas IL-10 had increased serum 

levels in glaucoma patients compared to age-matched controls, and like IFN-gamma, 

it increased the immunogenic capacity of human brain and lamina cribrosa 

astrocytes.92 However, conflicting results supporting a neuroprotective role for IL-4 

and IL-10 in axotomized retinal ganglion cells or cell lines were also reported.211-212 

 

A similar controversy exists regarding the role of the proinflammatory cytokine 

IL-6, which underwent a 30% reduction in the incubation medium of H-1152P treated 

retinae, on retinal ganglion cell survival. An earlier study with IL-6 knockout (-/-) mice 

reports an increase in the number of retinal ganglion cells in these animals after optic 

nerve crush or glutamate toxicity compared to their wild-type counterparts, 

suggesting the involvement of IL-6 in neurodegenerative events.213 However, in 

another in vivo study, the intravitreal injection of IL-6 immediately following ischemia-
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reperfusion injury in rats led to an increase in the number of fluorochrome labeled 

retinal ganglion cells.214 Likewise, incubation of isolated retinal ganglion cells with 

recombinant IL-6 under elevated pressure was reported to have reduced the 

percentage of TUNEL+ (apoptotic) cells by almost 60% and doubled the cell 

density.215 IL-6 might indeed be exerting a protective effect when applied directly on 

retinal ganglion cells. However, the outcomes of IL-6 treatment might vary depending 

on the levels of this cytokine, which in some cases may support ganglion cell survival 

whereas in other cases may give rise to cell death possibly by favouring an 

excessive immune response. The type of injury and the cellular and molecular factors 

activated in turn are likely to be the further critical factors shaping the outcomes of IL-

6 activity. The balance between the levels of various immunomodulators, rather than 

the individual molecules themselves is indeed the currently considered decisive 

factor that may be regulating the conversion of an initially neuroprotective immune 

response to a neurodegenerative inflammatory or autoimmune reaction.216  

 

Soluble cytokine receptors constitute a noteworthy class of immunomodulators 

owing to the agonistic or antagonistic effects they exert on cytokine activity. These 

receptors can be generated via several mechanisms, such as the proteolytic 

cleavage of receptor ectodomains, alternative splicing of membrane receptor 

transcripts, transcription of genes encoding soluble receptors, release of full-length 

receptors in exosome-like vesicles, or the cleavage of GPI-anchored receptors.176 To 

analyze whether these proteins are also released into the retinal culture medium 

under serum deprivation, we would like to perform Western blot analysis using 

monoclonal antibodies recognizing sequences present only in individual 

soluble/solubilized receptors. We are also planning to subject the unknown bands of 

~50 kDa size detected by several anti-cytokine antibodies on the Western blots 

(Figure 31) to protein sequence analysis, in order to identify these proteins, the levels 

of which exhibit a considerable decrease upon H-1152P treatment. 

 

H-1152P is the most specific and effective ROCK-inhibitor that is currently 

available.151 This inhibitor reduced the extent of cell damage on the ganglion cell 

layer by 40% without interfering with the PKA-pathway when applied at 1 µM to 

isolated retinae incubated without serum. However, increasing the concentration to 
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20 and 100 µM decreased its protective effect. A noteworthy feature detected on 

retinae treated with 20 µM H-1152P was the further decrease in glial cell reactivity, 

with only a few GFAP-positive astrocytes on the nerve fiber layer and almost no 

activated Müller cells. Interestingly, the level of total glutathione in these retinae was 

also considerably lower as compared to untreated controls or retinae incubated with 

1 µM H-1152P. Glutathione, a thiol tripeptide composed of glutamate, cysteine, and 

glycine, is the most abundant intracellular reducing agent in animal cells.217 Owing to 

the cysteine residue, glutathione can be non-enzymatically oxidized to gluathione 

disulfide by electrophilic substances such as free radicals and reactive 

oxygen/nitrogen species, allowing for the detoxification of these molecules.217, 218 The 

synthesis of glutathione is sequentially catalyzed by the cytosolic enzymes γ-

glutamylcysteine synthetase and GSH synthetase.219 Though this pathway occurs in 

virtually all cell types including neurons, the astrocytes and Müller cells constitute the 

major source of glutathione in the retina due to the abundance of the enzymes 

involved in GSH metabolism in these cells.217, 220-222 The synthesis and regeneration 

of glutathione as well as the expression of various antioxidant enzymes undergo a 

further increase in astrocytes and possibly the Müller cells following gliosis,223-225 

accentuating the neuroprotective potential of a certain degree of glial cell reactivity 

for maintaning the integrity and survival of retinal neurons under stress conditions. 

The observations regarding the further decrease in reactive gliosis and the possibly 

associated reduction in the levels of total gluathione in retinae treated with increased 

concentrations of H-1152P might therefore provide an explanation to the decline in 

the protective effect of H-1152P when applied at higher concentrations. It remains to 

be determined whether the reduction in glutathione levels at elevated concentrations 

of H-1152P arises secondarily to the dramatic decrease in glial cell reactivity or due 

to a direct interference with the synthesis or activity of the enzymes involved in GSH 

metabolism upon the inhibition of ROCK or possibly the PKA. Nevertheless, the 

preliminary data demonstrating the improvement in the protective effect of 20 µM H-

1152P when coadministered with glutathione and the significant reduction in cell 

damage compared to the retinae treated with glutathione alone points to additional 

mechanisms regulating retinal cell survival under stress, the H-1152P dependent 

inhibition of which providing beneficial outcomes. 
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Altogether, these in vitro data on isolated retinae demonstrate the 

neuroprotective potential of H-1152P on retinal cells particularly in the ganglion cell 

layer. The H-1152P mediated ROCK inhibition was associated with a decrease in the 

reactivity of astrocytes and Müller cells, caused presumably by an interference with 

the upregulation or post-translational modification of GFAP. The preliminary data on 

the response of microglia also demonstrated an H-1152P dependent reduction in the 

activation of these cells. The impairment of glial cell reactivity by H-1152P might be 

indirectly protecting retinal cells from the spread of secondary injury by reducing the 

amount of immunomodulatory cytokines and possibly other diffusible factors like nitric 

oxide, which remain to be characterized in more detail. The adverse effects which 

may arise from a further reduction in glial cell reactivity and the possibly associated 

decrease in the antioxidant levels at higher concentrations of H-1152P are likely to 

be overcome by coadministering glutathione, which improves the protective potential 

of this inhibitor. These findings not only indicate the beneficial effects of H-1152P on 

retinal cells under stress, but also provide more insight into the role of ROCK-

signaling in glial cell reactivity and the impact of this process on the survival of retinal 

cells under stress conditions.  

 

 

4.2.2. The concentration dependent effects of H-1152P on 

the survival of RGC-5 cells 
 
Characterizing the direct response of the retinal ganglion cells to ROCK-inhibition 

constituted an essential part of this study, since the ganglion cells encounter the 

primary damage in optic neuropathies like glaucoma. However, the isolation of adult 

retinal ganglion cells is a labor-intensive process yielding a low amount of 

homogenous cell population. Being very easy to cultivate and maintain in culture, the 

immortalized rat ganglion cell line RGC-5 offers a practical alternative for studying 

the response of retinal ganglion cells in vitro. Therefore, the RGC-5 cells cultivated 

without serum were utilized to estimate the direct outcomes of H-1152P treatment on 

retinal ganglion cells. 
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Interestingly, the incubation of RGC-5 cells without serum failed to induce a 

massive cell death in untreated controls (23% cell damage after 5 days estimated by 

the EthD-1 and DAPI stainings, Figure 37) in contrast to the cells in the ganglion cell 

layer of serum-deprived retinal explants (57% and 72% cell damage after 1 and 2 

days, respectively; Figures 20 and 21). The extent of apoptosis in RGC-5 cells also 

appeared to be considerably lower, with only ~9% of the untreated cells being 

positive for cleaved-caspase 3 as opposed to the 75% positive staining on the 

ganglion cell layer of retinal whole mounts (Figures 38 and 28, respectively). These 

findings demonstrating the stability of RGC-5 cells in turn raise the question of how 

well this transformed cell line represents the characteristics of a mature, primary 

retinal ganglion cell.  

 

The RGC-5 cell line was generated by transforming retinal cells isolated from 

postnatal day 1 rats with the early region 1A of the adenovirus type 12 genome, 

which leads to the immortalization of nonpermissive primary rodent cells in vitro and 

in vivo. The single cell clones from the transformed cells were then screened 

randomly for the expression of various cell-specific markers. The RGC-5 cell line was 

reported to be retaining many features of retinal ganglion cells including the 

expression of the marker protein Thy-1 and NMDA receptors as well as the sensitivity 

to excessive glutamate levels and neurotrophin withdrawal.153 However, the 

electrophysiologic properties of the undifferentiated RGC-5 cells were found to be 

differing considerably from that of the primary retinal ganglion cells, possibly due to 

the diversity of the ion channel repertoire of both cell types.226 Recently, treating the 

RGC-5 cells with the broad-spectrum kinase inhibitor staurosporine for as little as 60 

seconds was reported to result in nondividing cells with multiple branched neurites 

characteristic of a neuronal morphology. Interestingly, treatment with 1 µM of H-

1152P or the less specific inhibitor H-89 which primarily inhibits PKA also induced a 

mild increase in the neurite counts of RGC-5 cells in the same study. However, 

despite these features suggestive of a more differentiated phenotype, no evidence of 

functional synapses could be detected.227 These observations therefore underscore 

the need for more cautious evaluation before considering the results obtained with 

the RGC-5 cell line as evidence for the mechanisms operating in primary retinal 

ganglion cells.  
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The protective effect of H-1152P administration at 0.1-1 µM on serum-

deprived RGC-5 cells and the specificity of this inhibitor analyzed for the latter 

concentration nevertheless provide further support for the hypothesis concerning the 

anti-apoptotic outcomes of ROCK-inhibition. Though the extent of apoptosis was 

mainly determined by performing immunostainings for cleaved caspase-3, the 

nuclear morphology, which exhibited a more condensed phenotype in the majority of 

the cells stained strongly for EthD-1 and cleaved caspase-3 provided further 

evidence for apoptosis. Interestingly, the cells displaying a very strong cytoplasmic 

staining for p-(S726)adducin also possessed condensed nuclei characteristic of 

apoptotic cells. The phosphorylation of adducin at S726 was, as mentioned 

previously, reported to be reducing its affinity for F-actin and causing its dissociation 

from the actin-spectrin complex, accounting for a more cytoplasmic rather than a 

cortical staining pattern.165, 196 This phosphorylation event is also implicated in the 

loss of cell-cell interactions, which eventually activates the apoptotic machinery, 

indicating the involvement of the PKA-pathway in the execution of apoptosis as 

well.170 Yet, this staining pattern was strongly diminished after 3 and 5 days in both 

treatment groups, suggesting that the PKA-activity is likely to be functioning in the 

earlier phases of apoptosis. However, there is also evidence for the caspase-3 

mediated cleavage of p-(S726)adducin in RPTE cells, yielding fragments of 74 and 

12 kDa which lack or contain the S726 residue recognized by the p-(S726)adducin 

antibodies, respectively (Figure 24).170 This in turn raises the possibility that the 

increase in caspase-3 activation after 2 days might have resulted in the cleavage of 

the p-(S726)adducin in RGC-5 cells. It would be therefore interesting to determine 

whether adducin undergoes proteolytic cleavage in serum-deprived RGC-5 cells and 

whether the p-(S726)adducin antibody can recognize the hypothetical 12 kDa 

fragment, to find out whether the decrease in the intensity of p-(S726)adducin 

immunostaining arises due to the inability of the antibodies to bind to the 12 kDa 

fragment. Nevertheless, the similarities of the staining patterns in the treated and 

untreated groups and the presence of some stained cells in the H-1152P-treated 

group even after 5 days weaken the possibility of unspecific PKA-inhibition via 1 µM 

H-1152P in RGC-5 cells. 
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The specificity of H-1152P administered at 1 µM was also confirmed by the 

immunostainings for p-(T445)adducin performed on RGC-5 cells after 1 to 5 days of 

incubation. The ROCK-mediated phosphorylation of adducin at T445 was found to be 

confined exclusively to the cells having condensed or fragmented nuclei in the 

untreated group. The number of stained cells also exhibited a considerable increase 

after 3 and 5 days together with the rise in the extent of damage in the untreated 

cells. In contrast, only a few positive cells could be detected among the group 

incubated with 1 µM of H-1152P at each time point analyzed, demonstrating the 

effective inhibition of the ROCK-pathway via H-1152P and the possible association of 

this event with the increase in the survival rate of RGC-5 cells. As opposed to the 

phosphorylation at S726, the phosphorylation of adducin at T445 enhances the 

adducin-actin interactions.228 Though this ROCK-dependent phosphorylation was 

found to be crucial for the ruffling of the plasma membrane at the leading edge of 

migrating cells,169 no report concerning the significance of this event during apoptosis 

exists to our knowledge. However, the ruffling of the plasma membrane is also 

required for the cell budding, which facilitates the packaging of the cellular content 

into membrane-bound apoptotic bodies.229 Therefore, the ROCK-mediated signaling 

might not only be involved in the cellular contraction, but may also account for the 

membrane ruffling and cellular budding observed in apoptotic cells. The considerable 

increase in the intensity of the p-(T445)adducin staining in untreated cells after 3 to 5 

days and the H-1152P dependent decrease in the phosphorylation of adducin at 

T445 might therefore provide further evidence for the mechanisms underlying the 

anti-apoptotic effect of ROCK-inhibition in RGC-5 cells. 

 

Interestingly, the anti-apoptotic effect of H-1152P achieved at 1 µM was 

replaced by a significant toxicity when this inhibitor was administered at 10-20 µM. A 

similar reduction in the protective effect of this inhibitor at higher concentrations was 

also observed in isolated mouse retinae in this study, possibly due to an interference 

with glutathione synthesis secondary to the dramatic decrease in glial cell reactivity. 

However, there was no increase in toxicity even in the presence of 100 µM H-1152P 

on the ganglion cell layer of these retinae (Figure 20). The unexpected observations 

on RGC-5 cells cultured in isolation with high concentrations of H-1152P therefore 

appear to contradict the hypothesis concerning the anti-apoptotic effects of ROCK-
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inhibition at the first glance. However, the striking alterations in the morphology of the 

RGC-5 cells treated with 10-20 µM H-1152P provide clues about the prevailing of 

another cell death program in these cells matching the features of oncosis. 

 

Oncosis, as opposed to apoptosis, defines a programmed cell death 

mechanism characterized by a marked cell swelling. Though the term oncosis, 

derived from the Greek word for swelling, was introduced almost a century ago, it has 

found increased acceptance only recently to designate the events which were 

formerly ascribed to necrosis. Currently, apoptosis and oncosis are considered as 

pre-mortal processes executed by different “programs” whereas the term necrosis 

refers to the features appearing after a cell has died. The oncotic pathway can be 

activated mainly by prolonged energy depletion and hyperoxia.229-231 The major 

morphological changes in the cells undergoing oncosis include the disruption of the 

actin cytoskeleton, cytoplasmic blebbing, dilatation of the endoplasmic reticulum, 

swelling of the cytosol and nuclei, normal or condensed mitochondria, and an 

increase in membrane permeability without any detectable caspase-3 activity. 

However, oncotic cells can also share some common features with the apoptotic 

cells, like the exposure of the phosphatidylserine residues on the outer leaflet of the 

plasma membrane, as well as DNA fragmentation and chromatin condensation in 

some instances.229, 232 Though the molecular mechanisms of oncosis are not 

elucidated in detail yet, the excessive Na+ influx due to the disregulation of the ionic 

channels on the plasma membrane appears to play a significant role by allowing Ca2+ 

entry into the cells. Ca2+ then activates calpains, a family of Ca2+ activated neutral 

cysteine proteases, which cleave various proteins of the cytoskeleton and plasma 

membrane, accounting for the proteolytic degradation in various cells types 

undergoing oncosis.233, 234 

 

In neurons, the influx of Na+ is mediated by the voltage gated Na+ channels 

distributed along the axons.235 However, the channel subtype expressed exhibits 

diversity depending on the myelination level of the axon. In the mammalian CNS, the 

Nav1.2 subtype is mainly present on unmyelinated axons whereas the Nav1.6 

subtype is localized to the initial segments and the nodes of Ranvier on myelinated 

axons.236-238 The Na+ gradients experience a particularly tight regulation in neurons, 



4- Discussion 
 

 

118 

since the inward current of this ion causes the membrane depolarization which 

underlies the generation of action potentials.235 However, the maintenance of the 

ionic gradients can be impaired under pathological conditions. For instance, the 

depletion of ATP during ischemia results in the failure of the Na+- K+ ATPase. The 

Na+ ions can then leak into the axoplasmic space through incompletely activated Na+ 

channels. This influx of Na+ causes the operation of the Na+/Ca2+ exchanger in the 

reverse fashion, and gives rise to the accumulation of Ca2+ at damaging levels in the 

neurons, producing irreversible injury.239 The expression pattern of the Na+ channels 

can also be altered under pathological conditions, as demonstrated by the 

expression of both the Nav1.2 and Nav1.6 subtypes along demyelinated axons in the 

white matter from mice with experimental autoimmune encephalomyelitis (EAE) and 

in human white matter from acute multiple sclerosis (MS) plaques. Interestingly, the 

Nav1.6 channel was colocalized with the Na+/Ca2+ exchanger in injured axons in both 

EAE and MS whereas the Nav1.2 was expressed often together with the Na+/Ca2+ 

exchanger along demyelinated axons without signs of injury.240, 241 Since the Nav1.6 

subtype can produce a persistent Na+ current, it is also likely to revert the Na+/Ca2+ 

exchanger and account for an increase in axonal degeneration.242 Consistent with 

this, blocking the Na+/Ca2+ exchanger or the Na+ channels alone exerted protective 

effects on rat retinal ganglion cells or in an experimental model of glaucoma, 

respectively.243, 244 This in turn suggests that the diversity of the ion channel 

repertoire on primary retinal ganglion cells and the RGC-5 cells might be one reason 

accounting for the susceptibility of the latter cell type to oncosis. Though not 

analyzed in this study, the unmyelinated axons of the ganglion cells on the nerve 

fiber layer of isolated mouse retinae are likely to be expressing the Nav1.2 subtype. 

The RGC-5 cells, on the other hand, are reported to be expressing not the full 

repertoire of ion channels present on primary ganglion cells, while the exact ion 

channel profile of these cells is to our knowledge not determined yet.227 Interestingly, 

the RGC-5 cells were found to be having a more positive resting membrane potential 

(-34 ± 0.5 mV)227 compared to the primary ganglion cells isolated from early postnatal 

(P0-P7; -43.64 ± 8.35 mV) or adult rats (P23-P32; -58.20 ± 6.52 mV),245 supporting 

the hypothesis of higher Na+ influx occurring in RGC-5 cells. It would be therefore of 

particular interest to characterize the Na+ channel subtypes in both the RGC-5 cells 

and the ganglion cells of isolated mouse retinae with emphasis on the expression of 

the Nav1.2 and Nav1.6 subtypes, to determine whether the differences in the Na+ 
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channel repertoire render the RGC-5 cells more sensitive to oncosis when exposed 

to high concentrations of a molecule altering cytokeletal organization, particularly 

under unfavorable conditions like energy depletion. 

 

Hyperoxia, similar to energy depletion, is indicated as another major trigger for 

oncotic cell death.246 The anti-oxidant capacity of a cell may therefore play a decisive 

role in the resistance to oncotic stimuli, as suggested by the rescue of a cardiac cell 

line overexpressing the detoxification enzyme glutathione-S-transferase from 

oncosis.247 The RGC-5 cell line also appears to be sensitive to oxidative stress 

particularly under serum deprivation, since this treatment was reported to be resulting 

in a 50% decrease in the levels of GSH after 2 days.248 It would be therefore 

interesting to determine whether the treatment with H-1152P at higher concentrations 

causes a further decrease in the GSH levels as observed in the isolated mouse 

retinae in this study, and reverses the protective effect of the inhibitor achieved at 

lower concentrations. Analyzing the specificity of H-1152P at 10-20 µM would also 

allow for elucidating whether the adverse effects at these concentrations arise due to 

interference with other signaling pathways.  

 

While investigating the causes underlying the susceptibility of the RGC-5 cells 

to oncosis, it should not be neglected that these cells are transformed and are likely 

to differ from the primary retinal ganglion cells in additional aspects that are not 

characterized yet. Though the alterations in transformed cells usually render them 

insensitive to apoptotic stimuli, they may not always be contributing to the resistance 

of the cells to oncosis, as suggested by the effects of the uncoupling protein-2 (UCP-

2) on HeLa cells. The UCP-2 belongs to a family of mitochondrial transporters 

located in the inner membrane of mitochondria and appears to be involved in the 

limitation of free radical generation, exerting neuroprotective effects in experimental 

stroke and brain trauma. Interestingly, modest increases in the levels of UCP-2 in 

HeLa cells, but not in normal diploid fibroblasts, was reported to cause a reduction in 

intracellular ATP and induce a cell death mechanism conforming with oncosis.249-252 

UCP-2 therefore emanates as a candidate molecule shaping the response of 

transformed vs. untransformed cells to stress stimuli. Considering this, it would be 

also interesting to analyze the expression of UCP-2 in RGC-5 cells to determine 
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whether the oncotic effect of H-1152P at higher concentrations arises due to 

alterations in the levels of this protein. The inhibition of ROCK was indeed shown to 

exert toxic effects in a variety of transformed cells including the glioma cell line C6.253 

Unfortunately, it was not possible to distinguish the type of cell death in these 

studies, since the toxicity was determined by measuring parameters like LDH release 

and propidium iodide uptake, which are expected to occur not only in apoptotic but 

also in oncotic cells with increased membrane permeability. Nevertheless, these 

findings also favor the view that despite its anti-apoptotic potential in untransformed 

cells, ROCK-inhibition is likely to exert adverse effects on transformed cells, possibly 

by activating an oncotic program. 

 

Taken together, the findings on RGC-5 cells obtained with the lower doses of 

H-1152P demonstrate the direct anti-apoptotic effects of ROCK-inhibition on a 

ganglion cell line. The activation of an oncotic death program at higher 

concentrations of H-1152P is likely to arise from the molecular differences between 

the RGC-5 and primary retinal ganglion cells, the characterization of which would not 

only provide more insight into the properties of both cell types, but also aid in 

elucidating the function of the ROCK-signaling pathway in the execution of oncosis in 

transformed cells. Though not belonging to the initial aims of this study, the latter 

aspect is also likely to contribute to the understanding of the anti-tumorigenic actions 

executed by various RhoA/ROCK inhibitors.139 

 

 

4.2.3. Effect of ROCK inhibition on retinal ganglion cell 

survival after optic nerve crush 

 
The promising results demonstrating the neuroprotective effect of H-1152P-mediated 

ROCK-inhibition on retinal ganglion cells in vitro prompted us to analyze the 

outcomes of this treatment on retinal cells experiencing stress in vivo. The optic 

nerve crush, an acute injury triggering the propagation of secondary damage over
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time, offers a relatively simple and reproducible model to simulate the 

neurodegenerative events associated with glaucoma in vivo.254 This model was 

therefore chosen to determine the response of not only the damaged retinal ganglion 

cells, but also the retinal glia to H-1152P in a degenerating environment. 

 

Similar to the observations on isolated mouse retinae in vitro, the injury of the 

ganglion cell axons at the optic nerve head resulted in the loss of more than 50% of 

the ganglion cells in PBS-treated rats, whereas the intraocular injection of 1 µM H-

1152P led to a significant rescue, with a 1.6-fold increase in the number of 

Fluorogold-labeled neurons. H-1152P treatment at this concentration also induced a 

notable decrease in the reactivity of the glial cells, particularly the Müller cells and 

microglia. These findings provide further support to the in vitro findings detected in 

isolated retinae in this study and suggest that the suppression of the glial cell 

reactivity to a certain extent after axonal injury may indeed be rescuing the remaining 

ganglion cells from the spread of secondary damage. However, increasing the 

concentration of H-1152P to 10 and 100 µM resulted in a gradual decrease in the 

protective effect under these in vivo conditions as well. Interestingly, this 

concentration-dependent effect of H-1152P was observed only in rats that underwent 

optic nerve crush whereas the amount of Fluorogold-labeled retinal ganglion cells 

was not significantly altered in sham operated animals that received H-1152P 

injections at 1-100 µM or PBS. This suggests that the H-1152P molecule does not 

exert toxic effects to retinal ganglion cells under normal conditions even when 

applied at high concentrations, but may be interfering with certain defense 

mechanisms activated upon injury in a dose-dependent way, which would counteract 

the beneficial outcomes obtained with the lower concentrations and result in the 

weakening of the protective effect. The in vitro evidence from serum-deprived mouse 

retinae place the reactive glial cells as likely candidates involved in these defense 

mechanisms. Characterizing the response of the glial cells to higher concentrations 

of H-1152P and the possible changes in the levels of the antioxidants like glutathione 

is therefore believed to provide further insight into the causes underlying the dose-

dependent reduction in the protective effect of this inhibitor. 
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In conclusion, the preliminary in vivo findings obtained in the optic nerve crush 

model provide further support to the in vitro observations and accentuate the 

beneficial outcomes of H-1152P administration in promoting the survival of retinal 

ganglion cells after a primary injury. This protective effect is likely to be attained by a 

reduction in glial cell reactivity as evidenced by the in vitro and in vivo findings on 

retinae as well as the possible anti-apoptotic effects exerted directly on the ganglion 

cells, as suggested by the dose-dependent outcomes of H-1152P on the RGC-5 cell 

line. However, the reasons underlying the gradual decrease in cell survival to control 

levels in response to higher concentrations of H-1152P need to be clarified, for 

identifying possible manageable targets like the amount of various antioxidants, 

which can be modified to minimize adverse effects. Determining the outcomes of H-

1152P on the cellular events in retina after topical administration preferably in an 

animal model in which the ganglion cells are exposed to stress would also be 

informative in finding out whether this inhibitor is indeed able to reach the posterior 

segment of the eye at concentrations high enough to interfere with its possible 

beneficial effects on the retinal ganglion cells. Nevertheless, the findings on not only 

the retinal cells but also on Tenon’s capsule fibroblasts demonstrate the fundamental 

role of the ROCK-signaling pathway in the regulation of various cellular activities 

critical for the onset or progress of glaucoma. These findings also highlight the 

potential of H-1152P administration as a promising approach to simultaneously 

interfere with diverse cellular events defining the course of glaucoma, offering new 

hopes for improving the success rate of glaucoma filtration surgery as well as 

maintaining the remaining retinal ganglion cells alive and functional. 
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5. SUMMARY 
 
Glaucomatous optic neuropathy is characterized by the progressive loss of retinal 

ganglion cells and their axons, giving rise to irreversible visual field defects leading to 

blindness when left untreated. Though the activation of an apoptotic cell death 

program by various molecules implicated in the course of glaucoma accounts for the 

demise of the retinal ganglion cells, the current methods of glaucoma treatment all 

aim at reducing the intraocular pressure, the major risk factor for glaucoma arising 

from an imbalance between the production and outflow of aqueous humor. Glaucoma 

filtration surgery, which entails the creation of a scleral fistula that enables the 

drainage of aqueous humor from the anterior chamber to the subconjunctival space, 

remains to be the most effective method for lowering the intraocular pressure in 

glaucoma patients. However, the wound healing activities of the Tenon’s capsule 

fibroblasts following this operation eventually result in the occlusion of the artificial 

drainage channel and account for the surgical failure.  

 

 The wound healing activities of Tenon’s capsule fibroblasts involve dynamic 

events like proliferation, migration into the wound area, deposition of extracellular 

matrix molecules, and acquisition of contractile properties, which facilitate the closure 

of the drainage channel. Being a key intracellular convergence point for the signals 

initiating the cytoskeletal alterations underlying such dynamic events, the Rho-

kinase/ROCK signaling pathway emerges as a potential pharmacological target for 

modulating the postoperative fibrotic response. The first part of this study therefore 

focused on characterizing the functions of the ROCK signaling pathway in human 

Tenon’s capsule fibroblasts in vitro. With this purpose, the fibroblasts stimulated with 

serum were treated with H-1152P, a potent ROCK-inhibitor which already yielded 

promising results in promoting aqueous humor outflow by relieving the trabecular 

meshwork and ciliary muscle cell contraction in other studies.144 
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 Incubation of the human Tenon’s capsule fibroblasts with 10 µM H-1152P 

resulted in an 80-90% reduction in cell proliferation as determined from the levels of 

BrdU incorporation and Ki-67 upregulation. H-1152P also caused the disassembly of 

stress fibers in a dose-dependent manner without exerting toxic effects and without a 

significant interference with the protein kinase A pathway. Migration of fibroblasts on 

collagen gels and into a wound area created in cell monolayers as well as the 

contraction of fibroblast populated floating collagen lattices were also suppressed by 

H-1152P together with an impairment in the assembly of the fibronectin network. 

These findings provide further evidence for the role of the ROCK-signaling pathway 

in the wound healing activities of human Tenon’s capsule fibroblasts and underline 

the potential of H-1152P as a safe and specific means to suppress these events. 

 

The RhoA effector ROCK also functions as the convergence point of 

numerous extracellular signals that induce the cytoskeletal changes underlying axon 

retraction and apoptosis. This places ROCK as a strategic target for not only 

suppressing the wound healing response after glaucoma filtration surgery, but also 

for promoting the survival of retinal ganglion cells and their axons in glaucoma. 

Considering this, the outcomes of the H-1152P mediated ROCK inhibition on retinal 

cells under stress were also analyzed in this study, initially on isolated mouse retinae 

incubated without serum. This stringent in vitro model combining axotomy with serum 

deprivation severely impaired the survival of the cells in the ganglion cell layer after 1 

day, as demonstrated by the high levels of ethidium homodimer-1 uptake and 

caspase-3 activation. In contrast, the treatment with 1 µM H-1152P considerably 

reduced the extent of apoptosis in all the retinal layers without interfering with the 

protein kinase A pathway. However, increasing the concentration of this inhibitor 

weakened its protective effects. The extent of astrocyte, Müller cell, and microglia cell 

reactivity was also significantly suppressed in retinae treated with 1 µM H-1152P. In 

addition, multiple cytokine arrays demonstrated the reduction in the levels of various 

proinflammatory cytokines like interleukin (IL)-1beta, IL-3, IL-4, IL-6, IL-10, interferon-

gamma, and tumor necrosis factor alpha released into the culture medium in 

response to H-1152P treatment, which probably underlied the decrease in the toxicity 

of the conditioned media obtained from retinae incubated with this inhibitor. 

Interestingly, increasing the concentration of H-1152P to 20 µM, which resulted in a 

further decrease in the reactivity of Müller cells and astrocytes, was found to have 
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reduced the levels of total glutathione, whereas the coadministration of this 

antioxidant with 20 µM H-1152P improved the cell survival rate in the ganglion cell 

layer. These results demonstrate that the neuroprotective effect of H-1152P 

mediated ROCK inhibition on retinal cells may be due to the suppression of glial cell 

reactivity to a certain extent, leading to the diminishing of cytokine release and to the 

suppression of secondary damage. The adverse effects at higher concentrations of 

H-1152P, possibly arising from a further reduction in glial cell reactivity and the 

associated decrease in the antioxidant levels, are likely to be alleviated by 

coadministering glutathione, which improves the neuroprotective potential of this 

inhibitor. 

 

To analyze the direct effects of H-1152P on retinal ganglion cells in vitro, the 

transformed rat retinal ganglion cell line RGC-5 cultivated without serum was also 

utilised in this study. Despite the stability of this cell line compared to the cells in 

isolated retinae under serum deprivation, administration of H-1152P at 1 µM exerted 

direct anti-apoptotic effects by specifically interfering with ROCK-dependent 

phosphorylation events. However, increasing the concentration of the inhibitor to 10-

20 µM resulted in a dramatic increase in the amount of cells undergoing an oncotic 

cell death, characterized by a marked cellular swelling. These highly contrasting 

effects of H-1152P are likely to have arisen from the molecular differences of the 

transformed cell line RGC-5 from primary retinal ganglion cells, the further 

characterization of which are believed to be useful in providing more insight into the 

properties of both cell types as well as the mechanisms of oncosis.  

 

To analyze the neuroprotective potential of H-1152P on retinal cells 

encountering stress in vivo, we studied the outcomes of the intravitreal injections of 

H-1152P on the survival of ganglion cells after optic nerve crush in collaboration with 

Dr. Frank Schüttauf from the University Eye Hospital in Tübingen. H-1152P 

administered at 1 µM led to a 1.6 fold increase in the number of Fluorogold-labeled 

retinal ganglion cells together with a decrease in the extent of glial cell reactivity 7 

days after the injury at the optic nerve head. These preliminary findings provide 

further support for the in vitro observations on isolated retinae, and suggest that the 

suppression of reactive gliosis to a certain degree after axonal injury may indeed be 
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beneficial in reducing the spread of secondary damage and rescuing the remaining 

ganglion cells. These data demonstrating the central role of the ROCK-signaling 

pathway in various cells implicated in the course of glaucoma also highlight the 

potential of the H-1152P-mediated targeting of this pathway as a promising anti-

glaucoma therapy approach not only for suppressing the undesirable wound healing 

activities of Tenon’s capsule fibroblasts after glaucoma filtration surgery, but also for 

preventing further ganglion cell loss. 
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6. ABBREVIATIONS 
 

(-/-) double knockout 

µl microliter 

µM micrometer 

3D 3-dimensional 

A absorbance 

ATP adenosine triphosphate 

ATPase adenosine triphosphatase 

BCA bichinchoninic acid 

BCIP 5-bromo-4-chloro-3 indolyl phosphate 

BDNF brain derived neurotrophic factor 

BrdU bromodeoxyuridine 

BSA bovine serum albumin 

CD11b cluster of differentiation 11b 

CM conditioned medium 

CM (H) CM obtained from retinae / optic nerve incubated with 1 µM  

H-1152P 

CM + H 1 µM H-1152P added into the conditioned medium of 

retinae/optic nerve  

CNS central nervous system 

CPI-17 protein kinase C (PKC)-potentiated inhibitory protein for 

heterotrimeric myosin light chain phosphatase (MLCP) of 

17kDa 

Cy3 cyanine-3 

DAPI 4',6-diamidino-2-phenylindol 

dH2O distilled water 

DMEM Dulbecco’s modified Eagle’s medium 
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DMSO dimethylsulfoxide 

DNA deoxyribonucleic acid 

DTNB 5,5′-dithiobis(2-nitrobenzoic acid) 

EAE experimental autoimmune encephalomyelitis 

ECL enhanced chemiluminescence 

ECM extracellular matrix 

EDTA ethylene diamine tetraacetic acid 

EGF epidermal growth factor 

ERM ezrin-radixin-moesin 

EthD-1 ethidium homodimer-1 

F-actin filamentous actin 

FasL Fas ligand 

FBS fetal bovine serum 

FGF fibroblast growth factor 

g gram 

GAP GTPase activating protein 

GCL ganglion cell layer 

GCSF granulocyte-colony stimulating factor 

GDI guanine nucleotide dissociation inhibitor 

GDP guanine diphosphate 

GEF guanine nucleotide exchange factor 

GFAP glial fibrillary acidic protein 

GM-CSF granulocyte-macrophage colony stimulating factor 

GPI glycosylphosphatidylinositol 

GSH reduced glutathione  

GSSG gluathione disulfide (oxidized glutathione) 

GTP guanosine triphosphate 

GTPase guanosine triphosphatase 

Hepes 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

hrs hours 

IFN interferon 
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IFN-g interferon-gamma 

IgG immunoglobulin 

IgG (H+L) IgG heavy and light chains 

IHC immunohistochemistry 

IL interleukin 

IL6-m mouse IL-6 

INL inner nuclear layer 

IOP intraocular pressure 

IPL inner plexiform layer 

KC keratinocyte-derived chemokine 

kDa kilodaltons 

Ki inhibitory constant 

LDH lactate dehydrogenase 

M mole 

m_IFNg_rec mouse IFN-gamma receptor 

MARCKS myristoylated alanine rich kinase 

MCP monocyte chemoattractant protein 

MEM modified Eagle’s medium 

mg milligram 

MIP-1a macrophage inflammatory protein-1 alpha 

Ml milliliter 

MLC myosin light chain 

mM millimolar 

Mnd motor neuron degeneration 

Mr molecular mass 

mRNA messenger RNA 

MS multiple sclerosis 

MTT 3-(4, 5-dimethylthiazolyl)-2, 5 diphenyl tetrazolium bromide 

mV millivolt 

MW molecular weight 

NADPH nicotinamide adenine dinucleotide phosphate 
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Nav1.2 voltage gated Na+ channel, subtype 1.2 

Nav1.6 voltage gated Na+ channel, subtype 1.6 

NBT nitroblue tetrazolium chloride 

NFL nerve fiber layer 

NF-κB nuclear factor κB 

nM nanomolar 

NMDA N-methyl-D-aspartate 

NMRI Naval Medical Research Institute 

NO nitric oxide 

NOS nitric oxide synthase 

NP-40 Nonidet® P 40 

NT-2 cells Ntera 2/D1 (neuronally committed human teratocarcinoma 

cell) line 

OCT optimal cutting temperature 

ON optic nerve 

ONC optic nerve crush 

ONH optic nerve head 

ONL outer nuclear layer 

OPL outer plexiform layer 

P  postnatal 

p-adducin phospho-adducin 

PAGE polyacrylamide gel electrophoresis 

PBS phosphate buffered saline 

PBST phosphate buffered saline – TritonX-100 

PDGF platelet derived growth factor 

PFA paraformaldehyde 

PKA protein kinase A 

p-value probability of obtaining a result at least as extreme as a given 

data point, assuming the data point was the result of chance 

alone 

RANTES regulated upon activation normal T-cell expressed and 

secreted 
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rcf relative centrifugal force (x gravity) 

RGC retinal ganglion cell 

Rho ras-homology 

RNA ribonucleic acid 

ROCK Rho-associated coiled-coil kinase 

ROS reactive oxygen species 

RPTE  renal proximal tubular epithelium 

S serine 

SCF stem cell factor 

SDS sodium dodecyl sulphate 

sIL6Rm mouse soluble IL-6 receptor  

SMA smooth muscle actin 

S-phase synthesis phase 

STNFR soluble TNF-alpha receptor 

T threonine 

T0 time point 0 

TBS Tris buffered saline 

TBST TBS-Tween 

Temed N, N, N´, N´,-Tetramethylethylenediamine 

TGF-β transforming growth factor beta 

Thy-1 T-cell antigen / Theta antigen 

TNF tumor necrosis factor 

Tris Tris-(hydroxymethyl)-aminomethane 

TUNEL terminal deoxynucleotidyl transferase biotin-dUTP nick end 

labeling 

UCP-2 uncoupling factor-2 

UV ultraviolet 

v/v volume / volume 

VEGF vascular endothelial growth factor 

w/v weight / volume 
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