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Summary  

In contrast to mammals, zebrafish possess a high regenerative capacity even within 

the central nervous system  including the retina . In the  retina, lesions result in a loss 

of neurons  and the subsequent activatio n of Müller glia, the retinal stem cells. Müller 

glia-derive d progenitors differentiate into all types of retinal neurons. E ventually the 

anatomi cal tissue architecture is restored within a few  weeks or months  depending 

on the degree of lesion . However, li ttle is known about how retinal  lesions impair 

vision functionally, as well as how and to what extent visual function is restored during 

the course of regeneration, in particular in adult animals.  

Here, quantitative behavioral assays  were applied  to assess visual function during 

homeostasis and regeneration in adult zebrafish. While the dark -light preference test 

has been identified to be too variable to assess visual function, a novel vision -

dependent social preference test as well as  an automated two leve l OKR-based vision 

test have proved to be more suitable. Two different lesion paradigms have been 

compared in this study: light -induced lesions that target photoreceptor cells and 

neurotoxin -mediated lesions that act in a concentration -dependent manner eit her 

affecting only inner retinal neurons or all retinal cell types. It could  be shown that 

visual function was significantly impaired after light lesion but  fully though  gradually 

recovered within 28 days. V ision for easy conditions with high contrast and low level 

of detail, as well as color vision, was restored around 7 ɀ10 days post lesi on while 

vision under more demanding conditions  - with low contrast and high level of detail - 

was regained only from 14 days post lesion onwards. The corresponding retinal  

morphology was monitored in vivo using optical coherence tomography and revealed 

a close correlation between structure and function. Injection of neurotoxins resulted 

in a multitude of morphological changes that impeded the analysis of functional 

recovery. In general, restoration of visual function  after neurotoxin -mediated lesion 

was limited and highly dependent on the initial degree of damage . As suggested by 

the behavioral studies, visual functions are, a t least partially, restored after lesion. 

However, no conclusions can be drawn on the restoration of the underlying retinal 

circuitry. Hence, large -scale electrophysiological recordings using multielectrode 

arrays have been established for the adult zebraf ish retina allowing the recording of 

spontaneous and light -driven activity. This technique can be exploited to analyze the 

restoration of signal processing of the retina in future studies. In addition, the 

established tools can be applied to characterize v isual mutants and models of retinal 

degenerative diseases both morphologically and functionally as exemplarily 

demonstrated here for the blind atoh7 mutant. It was shown that the adult atoh7 
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mutant largely resembles the larval phenotype and displays distin ct alteration s in 

optic tectum structure as well as impairments of  social behavior . 

Altogether, the established vision -dependent behavioral assays suggest that the 

degree and kinetics of functional recovery are highly dependent on the lesion 

paradigm as we ll as quality of morphological restoration. In combination  with the 

established multielectrode array recordings, the field is provided with new readouts 

to study functional  recovery that can be used in addition to existing criteria to assess 

regeneration o f the adult zebrafish retina. The established toolbox can  furthermore  

be exploited to analyze retinal function not only in a regeneration context but also in 

visual mutants, disease models or ageing.  Eventually, a deeper understanding of the 

regenerative p rocesses in zebrafish will provide new perspectives for the 

development of therapies for retinal degenerative diseases.  

  



XIII 

 

List of publications  

Visual function is gradually restored during retina regeneration in adult zebrafish. 

Hammer  J*, Röppenack P*, Yousuf S, Schnabel C, Weber A, Zöller D, Koch E, Hans S, 

Brand M. Front. Cell Dev. Biol. 9:831322. doi: 10.3389/fcell.2021.831322 ; * contributed 

equally  

Blind but alive. Congenital loss of retinal ganglion cells causes characteristic changes 

in the structure of retina and optic tectum in adult  atoh7 zebrafish  mutants . Hammer  

J, Röppenack P, Yousuf S, Machate A, Grandel H, Hans S, Brand M. in preparation . 

 

 

 

 

Contributions to other projects that we re not part of this PhD thesis: 

 

Vision-related convergent gene losses reveal SERPINE3's unknown role in the eye. 

Indrischek H, Hammer  J, Machate A, Kirilenko BM, Roscito J, Hans S, Norden C, Brand 

M, Hiller M. Elife. 2022 Jun 21;11:e77999. doi: 10.7554/eLife.77999.  

Cre-Controlled CRISPR mutagenesis provides fast and easy conditional gene 

inactivation in zebra fish. Hans S, Zöller D, Hammer  J, Stucke J, Spieß S, Kesavan G, 

Kroehne V, Eguiguren JS, Ezhkova D, Petzold A, Dahl A, Brand M. Nat Commun. 2021 

Feb 18;12(1):1125. doi: 10.1038/s41467 -021-21427-6. 

A switch in pdgfrb+ cell -derived ECM composition prevents inhibitory scarring and 

promotes axon regeneration in the zebra fish spinal cord. Tsata V, Möllmert S, 

Schweitzer C, Kolb J, Möckel C, Böhm B, Rosso G, Lange C, Lesche M, Hammer  J, 

Kesavan G, Beis D, Guck J, Brand M, Wehner D. Dev Cell. 2021 Feb 22;56(4):509-524.e9. 

doi: 10.1016/j.devcel.2020.12.009.  

Targeted knock -in of CreER T2 in zebrafish using CRISPR/Cas9. Kesavan G, Hammer  J, 

Hans S, Brand M. Cell Tissue Res. 2018 Apr;372(1):41 -50. doi: 10.1007/s00441 -018-

2798-x. 

Isolation of Novel CreER T2-Driver Lines in Zebrafish Using an Unbiased Gene Trap 

Approach. Jungke P, Hammer  J, Hans S, Brand M. PLoS One. 2015 Jun 

17;10(6):e0129072. doi: 10.1371/journal. pone.0129072.  

  



XIV 

 

 

  



XV 

 

Table of content s 

Acknowledgements  ................................ ................................ ................................ ................................ .... IX 

Summary  ................................ ................................ ................................ ................................ ......................  XI 

List of publications  ................................ ................................ ................................ ................................ ... XIII  

Table of contents  ................................ ................................ ................................ ................................ ....... XV 

List of figures  ................................ ................................ ................................ ................................ .............  XIX 

List of tables  ................................ ................................ ................................ ................................ ..............  XXI 

List of abbreviations  ................................ ................................ ................................ ..............................  XXIII  

1 Introduction  ................................ ................................ ................................ ................................ . 1 

1.1 Retinal degenerative diseases are a major challenge for public healthcare and biomedical 

research  ............................................................................................................................................... 1 

1.2 The zebrafish is an excellent model for ophthalmic research  ...................................................... 4 

1.2.1 The zebrafish eye and retinal structure are highly similar to other vertebrates  ........................ 5 

1.2.2 Vision plays a major role in zebrafish behavior  .............................................................................. 8 

1.2.3 A multitude of methods is available to study retinal morphology and function in zebrafish  . 11 

1.3 The zebrafish retina can regenerate after lesion  .......................................................................... 13 

1.3.1 Different stem cell niches are present in the adult zebrafish retina  .......................................... 13 

1.3.2 Various lesion models have been established to study retina regeneration  ............................ 17 

1.3.3 Tissue architecture is largely restored after retinal lesion ........................................................... 20 

1.3.4 Functional recovery is only insufficiently addressed in regeneration studies ........................... 22 

2 Aims of the study  ................................ ................................ ................................ ......................  23 

3 Materials and methods  ................................ ................................ ................................ ............ 25 

3.1 Materials  ............................................................................................................................................ 25 

3.1.1 Technical equipment  ........................................................................................................................ 25 

3.1.2 Transgenic fish lines  ......................................................................................................................... 26 

3.1.3 Kits ...................................................................................................................................................... 26 

3.1.4 Buffers and reagents  ........................................................................................................................ 26 

3.1.5 Antibodies  .......................................................................................................................................... 28 

3.1.6 In situ hybridization probes  ............................................................................................................. 29 

3.1.7 PCR and qPCR primers ..................................................................................................................... 29 

3.2 Methods  ............................................................................................................................................. 29 

3.2.1 Ethics statement  ................................................................................................................................ 29 

3.2.2 Fish maintenance  .............................................................................................................................. 29 

3.2.3 Raising of atoh7 mutants  ................................................................................................................. 30 

3.2.4 Genotyping of atoh7  mutants  .......................................................................................................... 30 

3.2.5 Retinal lesions .................................................................................................................................... 31 

3.2.5.1 Light lesion  ......................................................................................................................................... 31 

3.2.5.2 Neurotoxin injection  ......................................................................................................................... 31 

3.2.6 Optical coherence tomography  ....................................................................................................... 32 

3.2.7 Behavioral assays  .............................................................................................................................. 33 

3.2.7.1 Dark-light preference test  ................................................................................................................ 33 

3.2.7.2 Social preference test  ....................................................................................................................... 34 



XVI 

 

3.2.7.3 Optokinetic response test  ................................................................................................................ 35 

3.2.7.4 Shoaling behavior  .............................................................................................................................. 36 

3.2.8 Multielectrode array recordings  ...................................................................................................... 37 

3.2.8.1 Setup and recording preparations  .................................................................................................. 37 

3.2.8.2 Tissue preparation  ............................................................................................................................ 38 

3.2.8.3 Recordings and light stimulation  ..................................................................................................... 40 

3.2.8.4 Data analysis  ...................................................................................................................................... 40 

3.2.9 Tissue collection and histology  ........................................................................................................ 42 

3.2.9.1 Histological stainings on sections  .................................................................................................... 42 

3.2.9.2 Immunohistochemistry on sections  ................................................................................................ 42 

3.2.9.3 Preparation of retinal flatmounts  .................................................................................................... 43 

3.2.10 Image acquisition and processing  ................................................................................................... 43 

3.2.11 Analysis of gene expression  ............................................................................................................. 43 

3.2.11.1 RT-qPCR .......................................................................................................................................... 43 

3.2.11.2 In situ hybridization  ....................................................................................................................... 44 

3.2.12 Quantification and statistical analysis  ............................................................................................. 44 

4 Results  ................................ ................................ ................................ ................................ ........ 47 

4.1 Behavior is a direct outcome of vision  ............................................................................................ 47 

4.1.1 Zebrafish prefer dark over light conditions in a dark -light preference test  ............................... 47 

4.1.2 A vision-dependent social preference test allows th e assessment of visual function  .............. 49 

4.1.3 The optokinetic response is dependent on contrast, spatial frequency and color of the 

stimulus  .............................................................................................................................................. 52 

4.2 Visual function is gradually recovered after light lesion  ............................................................... 55 

4.2.1 The dark -light preference test is not suitable to detect changes in retinal function after  

 light lesion  .......................................................................................................................................... 56 

4.2.2 Vision is rapidly lost after light lesion but restored within 7 days as revealed by the social 

preference test ................................................................................................................................... 57 

4.2.3 An OKR-based two level vision test reveals gradual recovery of visual properties within  

 10 to 14 days after light lesion  ......................................................................................................... 58 

4.2.4 The photoreceptor layer is restored morphologically within 14 days after light lesion  ........... 64 

4.3 Recovery of function after neurotoxic lesion is highly variable and depends on the degree  

 of morphological restoration  ........................................................................................................... 66 

4.3.1 The dark -light preference behavior is altered after extensive Ouabain -mediated lesion  ........ 66 

4.3.2 Recovery of basic visual function is highly variable after Ouabain -mediated lesion and 

depends on the intensity of the lesion  ........................................................................................... 68 

4.3.3 Impact of Ouabain -mediated lesions on retinal morphology and morphological restoration  

 is highly diverse  ................................................................................................................................. 70 

4.3.4 Recovery of basic visual function is highly dependent on morphological restoration after 

Ouabain -mediated lesion  ................................................................................................................. 75 

4.3.5 The optokinetic response is not restored with 4 months after selective Ouabain -mediated 

lesion  ................................................................................................................................................... 80 

4.3.6 NMDA acts in a concentration -dependent manner  ...................................................................... 81 

4.3.7 The combination of NMDA and Ouabain leads to specific ablation of inner retinal neurons 

and considerable visual impairment  ............................................................................................... 86 

4.3.8 Fish show habituation to the social preference test paradigm  ................................................... 89 

4.4 Lack of retinal ganglio n cells results in defects in vision -dependent behavior and alterations 

in optic tectum structure in adult atoh7  mutants  .......................................................................... 95 

4.4.1 Atoh7 mutants can be raised to adulthood and show a distinct phenotype  .............................. 95 

4.4.2 Adult atoh7 mutants are blind and show striking alterations in visually -mediated behavi or  .. 97 

4.4.3 Shoaling behavior is impaired in adult atoh7 mutants  .............................................................. 100 

4.4.4 The mutant retina lacks retinal ganglion cells and nerve fiber layer  ....................................... 104 

4.4.5 Excess numbers of Müller glia and bipolar cells are produced in atoh7  mutants  .................. 108 

4.4.6 Atoh7 mutants do not form retinotectal projections  ................................................................. 110 



XVII 

 

4.4.7 The structure of the midbrain shows alterations in atoh7 mutants  ......................................... 111 

4.5 Multielectrode arrays record spontaneous and light -driven activity from the adult  

 zebrafish retina  ............................................................................................................................... 115 

4.5.1 Removal of the vitreous is the critical step during preparation of the retina  ......................... 115 

4.5.2 Activity of retinal ganglion cells can be recorded from the adult retina  .................................. 119 

4.5.3 Explanted retinae respond to light  ............................................................................................... 122 

5 Discussion  ................................ ................................ ................................ ................................  125 

5.1 Visual function is gradually restored after retinal lesion  ........................................................... 125 

5.1.1 Various aspects of visual  function can be studied using behavioral assays  ............................ 125 

5.1.2 Contrast sensitivity, spatial resolution and color perception are restored within 14 days  

 after light  lesion  .............................................................................................................................. 128 

5.1.3 The timeline of functional recovery closely correlates to the underlying morphological 

regeneration after light lesion  ....................................................................................................... 129 

5.1.4 Restoration of visual functional after neurotoxin -mediated lesion is highly variable and 

dependent on the degree of damage ........................................................................................... 130 

5.1.5 Behavioral assays underline a multitude of influencing factors  ............................................... 134 

5.2 Large-scale electroph ysiological recordings have been established for the adult zebrafish 

retina  ................................................................................................................................................ 135 

5.2.1 Calcium imaging and electroretinogram data suggest partial recovery of retinal circuitry  .. 135 

5.2.2 The zebrafish retina shows spontaneous and light -driven activity  .......................................... 136 

5.3 The adult atoh7  mutant is a valuable model to study retinal and brain plasticity as well as 

zebrafish behavior  .......................................................................................................................... 138 

5.3.1 Adult atoh7 mutants recapitulate the larval phenotype in many aspects  ............................... 139 

5.3.2 Missing retinal input results in structural changes in the optic tectum  ................................... 141 

5.3.3 Dark-light and social preference behavior are solely dependent on vision  ............................ 143 

5.3.4 Vision plays a major role in mediating shoaling behavior  ......................................................... 143 

5.4 Summary and outlook  .................................................................................................................... 145 

Supplement  ................................ ................................ ................................ ................................ .................  XI 

References  ................................ ................................ ................................ ................................ ..................  XV 

Erklärung entsprechend §5.5 der Promotionsordnung  ................................ ................................ . XXXIX 

 

  



XVIII 

 

  



XIX 

 

List of figures  

Figure 1: Major approaches to restore vision in retinal degenerative diseases.  ........................................... 2 

Figure 2: The zebrafish retina has a highly organized laminar structure.  ...................................................... 6 

Figure 3: New neurons are added to the adult zebrafish retina during persistent neurogenesis.  ........... 14 

Figure 4: Injury -induced regeneration is mediated by Müller glia cells.  ....................................................... 15 

Figure 5: Regenerative capacity of the retina varies between species.  ........................................................ 17 

Figure 6: Various lesion types can be applied to target specific retinal layers.  ........................................... 19 

Figure 7: Generation of a toolbox to analyze functional recovery in zebrafish retina regeneration.  ....... 24 

Figure 8: Optical coherence tomography allows in vivo imaging of the adult zebrafish retina.  ................ 32 

Figure 9: The shoaling behavior of fish can be recorded using  a customized arena.  ................................. 37 

Figure 10: Optimal recording conditions are ensured by careful preparation of retina and chip.  ........... 39 

Figure 11: Zebrafish prefer dark over light in a dark -light preference test.  ................................................. 48 

Figure 12: Zebrafish are highly social and social preference behavior is dependent on vision.  ............... 50 

Figure 13: The social preference is variable between fish but remains stable for individual  fish.  ............ 51 

Figure 14: The optokinetic response of adult zebrafish is dependent on contrast and spatial frequency 

of the stimulus.  .................................................................................................................................................... 53 

Figure 15: The optokinetic response is dependent on the color of the stimulus.  ....................................... 55 

Figure 16: Dark -light preference behavior is highly variable impeding assessment of vision loss and 

recovery after light lesion.  .................................................................................................................................. 56 

Figure 17: The social preference test reveals recovery of vision within 7 days after light lesion.  ............. 58 

Figure 18: The restoration of the full optokinetic response is accomplished between 10 and 14 days 

after light lesion dependent on the degree of difficulty.  ................................................................................ 60 

Figure 19: The OKR-based first level vision test reveals differences in the kinetics of functional recovery 

dependent on the degree of difficulty.  ............................................................................................................. 62 

Figure 20: Color vision is re stored at 10 days after light lesion.  .................................................................... 63 

Figure 21:  Retinal morphology is restored gradually after light lesion.  ....................................................... 65 

Figure 22: Dark -light preference behavior is changed after extensive Ouabain -mediated lesion.  ........... 67 

Figure 23: Social preference behavior is decreased after Ouabain -mediated lesion and the recovery rate 

is highly variable between individual fish.  ........................................................................................................ 69 

Figure 24: The morphological recovery after injection of 50 µM is variable and not completed within 11 

months.  ................................................................................................................................................................. 72 

Figure 25: The retinal morphology is often not restored but  still massively disrupted after injection of 

100 µM Ouabain.  ................................................................................................................................................. 74 

Figure 26: Outer appearance of fish and eyes are affected after Ouabain injection.  ................................. 74 

Figure 27: Recovery of social preference behavior is closely correlated to retinal morphology after 

selective Ouabain -mediated retinal lesion.  ...................................................................................................... 78 

Figure 28: One functional retina seems to be sufficient to mediate social preference behavior.  ............ 80 



XX 

 

Figure 29: The optokinetic response is massively impaired after Ouabain injection and not restored 

within 4 months post lesion.  .............................................................................................................................. 81 

Figure 30: Low concentrations  of NMDA result in specific cells death in inner nuclear layers but only 

mild visual impairment.  ...................................................................................................................................... 82 

Figure 31: Injection of 10 and 17.5 mM NMDA does not result in significant visual impairment.  ............. 83 

Figure 32: High concentrations of NMDA lead to irreversible changes in structure and function of the 

retina.  .................................................................................................................................................................... 85 

Figure 33: The combination of NMDA and Ouabain results in specific ablation of inner retinal neurons 

and visual impairment that is gradually recovered.  ........................................................................................ 87 

Figure 34: The optokinetic reflex is only slightly impaired after co -injection of NMDA and Ouabain.  ...... 89 

Figure 35: Fish show habituation to the social preference test paradigm over time.  ................................. 92 

Figure 36: Social preference behavior seems to be affected by injection of PBS or NaCl.  ......................... 94 

Figure 37: The optokinetic response is not altered in control groups.  ......................................................... 94 

Figure 38: Adult atoh7 mutants display a dark body pigmentation and are significantly smaller 

compared to wildtype siblings.  .......................................................................................................................... 96 

Figure 39: Atoh7 mutants are blind.  ................................................................................................................... 97 

Figure 40: Vision -dependent behavior is absent in mutants.  ......................................................................... 99 

Figure 41: Atoh7 mutants show alterations in shoaling behavior.  .............................................................. 101 

Figure 42: Atoh7 mutant fish can be detected in a wildtype swarm due to swimming and shoaling 

characteristics.  .................................................................................................................................................. 103 

Figure 43: The retinal thickness is reduced in atoh7 mutants due to a missing nerve fiber layer.  ........ 106 

Figure 44: Atoh7 mutants lack retinal ganglion cells but harbor misplaced amacrine cells in their 

ganglion cell layer and excess amacrine cells in the inner nuclear layer.  .................................................. 107 

Figure 45: Mutant retinae contain excess numbers of Müller glia and bipolar cells.  ............................... 109 

Figure 46: The cone mosaic is disrupted in mutants.  ................................................................................... 110 

Figure 47: Mutant fish do not develop an optic nerve.  ................................................................................ 111 

Figure 48: The optic tectum is smaller in mutants.  ....................................................................................... 112 

Figure 49: Midbrains of atoh7  mutants are characterized by structural changes in the area of the optic 

tectum.  ............................................................................................................................................................... 114 

Figure 50: The vitreous hinders contact between ganglion cells and glass surfaces.  .............................. 117 

Figure 51: The vitreous can be mechanically removed after enzymatic digestion.  .................................. 119 

Figure 52: Spontaneous activity can be recorded from ganglion cells in the adult zebrafish retina.  ..... 121 

Figure 53: Recordings of individual cells from one electrode can be disentangled using spike sorting.  122 

Figure 54: Light -dependent activity can be recorded in the adult zebrafish retina.  ................................. 124 

 

Figure S1: Electrophysiological activity can be recorded from the adult zebrafish retina on a 64 -

electrode MEA.  ................................................................................................................................................... XIV 



XXI 

 

List of tables  

Table 1: List of technical equipment.  ................................................................................................................ 25 

Table 2: List of used transgenic fish lines.  ........................................................................................................ 26 

Table 3: List of used kits  ..................................................................................................................................... 26 

Table 4: List of used buffers and reagents.  ...................................................................................................... 27 

Table 5: List of used primary antibodies.  ......................................................................................................... 28 

Table 6: List of used secondary antibodies.  ..................................................................................................... 28 

Table 7: List of used probes for in situ hybridization.  ..................................................................................... 29 

Table 8: List of used PCR primers.  ..................................................................................................................... 29 

Table 9: List of used qPCR primers.  ................................................................................................................... 29 

Table 10: Settings for spike detection.  .............................................................................................................. 40 

Table 11: Settings for spike sorting.  .................................................................................................................. 41 

Table 12: Settings for burst detection.  .............................................................................................................. 41 

Table 13: Settings for detection of light driven activi ty. .................................................................................. 41 

 

Table S1: Individual data points for the first level of the OKR -based vision test in the course of 

regeneration after light lesion.  ........................................................................................................................... XI 

Table S2: Values of the relative tracking efficiency during the course of regeneration after light lesion.  XI 

Table S3: Individual data points for the second level of the OKR -based vision test during the course of 

regeneration after light lesion.  ........................................................................................................................... XI 

Table S4: Individual data points for optokinetic response after injection of 50 µM Ouabain.  .................. XII 

Table S5:  Individual data points for optokinetic response after co -injection of NMDA and Ouabain.  .... XII 

Table S6: Individual data points for habituation during the social preference test.  ................................... XII 

Table S7: Individual data points for optokinetic response in unlesioned fish.  ............................................ XII 

Table S8: Individual data points for optokinetic response after injection of NaCl.  .................................... XIII 

Table S9: Individual data points for the OKR test in atoh7  mutants.  ........................................................... XIII 

Table S10: Individual data points for the dark -light preference test in atoh7  mutants.  ............................ XIII 

Table S11: Individual data points for the social preference test in atoh7  mutants.  ................................... XIII 

Table S12: Absolute and relative thicknesses of retinal layers in atoh7 mutants and wildtypes.  ............ XIV 

 

  



XXII 

 

 



XXIII 

 

List of abbreviations  

°C degree Celsius  

µg microgram  

µl microliter  

µM micromolar  

AMD age-related macular degeneration  

atoh7 atonal homolog 7  

AV angular velocity  

bHLH basic helix -loop -helix  

BL body length  

bp base pairs  

Cb cerebellum  

CMOS complementary metal -oxide semiconductor  

CMZ ciliary marginal zone  

COS cone outer segments  

cpd cycles per degree  

DAPI 4',6-diamidino -2-phenylindole  

DMSO dimethyl sulfoxide  

DNA deoxyribonucleic acid  

dNTP deoxynucleotide triphosphate  

dpf  days post fertilization  

dpi  days post injection  

dpl  days post lesion  

dps degree per second  

e.g. exempli gratia, for example  

EGFP enhanced green fluorescent protein  

ERG electroretinogram  

et al.  et aliter  

EtOH ethanol  

FDA Food and Drug Administration  

GCL ganglion cell layer  

GFAP glial fibrillary acidic protein  

HE Hematoxilin Eosin  

INL inner nuclear layer  

IPL inner plexiform layer  

L-AP4 L-(+)-2-Amino -4-phosphonobutyric acid  

LCA Leber congenital amaurosis  

LED light emitting diode  

M mirror  

MEA multielectrode array  

MeOH methanol  

MESAB ethyl-m-aminobenzoate methansulfphonate  

mM  millimolar  

MMP9 matrix metalloprotease 9  

mpf  months post fertilization  

mpl  months post lesion  

MTZ metronidazole  

NaOH sodium hydroxide  

NMDA N-Methyl -D-aspartate  

NTR nitroreductase  

OCT optical coherence tomography  



XXIV 

 

OKR optokinetic response/reflex  

OL objective focus lens  

OMIM  Online Mendelian Inheritance in Man  

OMR optomotor response  

ONL outer nuclear layer  

PBS phosphate buffered saline  

PCR polymerase chain reaction  

PM pia mater  

POS photoreceptor outer segments  

PVG periventricular grey zone  

qPCR quantitative PCR  

RGC retinal ganglion cell  

RM reflective mirror  

RNA ribonucleic acid  

RNFL retinal nerve fiber layer  

ROI region of interest  

RP retinitis pigmentosa  

RPE retinal pigment epithelium  

rpm  rotations per minute  

RT room temperature  

RU relative units  

SAC stratum album centrale  

SD standard deviation  

SF spatial frequency  

SFGS stratum fibrosum et griseum superficiale  

SFM stratum fibrosum marginale  

SMF single-mode fiber  

SO stratum opticum  

SPV stratum periventriculare  

TAE tris-acetate ethylenediamine tetraacetic acid  

Teg tegmentum  

Tel telencephalon  

TeO optic tectum  

TeV tectal ventricle  

Tg transgenic  

TL torus longitudinalis  

Tris-HCl tris-hydrochloride buffer  

TUNEL TdT-mediated dUTP -biotin nick end labeling  

US United States  

UV ultraviolet  

Val valvula cerebelli  

wt  wildtype  

ZnSe zinc selenide glass  

 

 

 

 

 



 

1 

 

1 Introduction  

1.1 Retinal degenerative diseases are a major challenge for 

public healthcare and biomedical research  

Vision is one of the most important senses in all vertebrate species, particularly in 

humans. According to the Wo rld  Health Organization, approximately  2.2 billion 

people are currently affected by visual impairment or even blindness (World Health 

Organization, 2019) . Retinal degenerative disease s are one of the major causes of 

blindness in industrialized countries and remain a major challenge for global health  

systems with economic burdens of mo re than 130  billion US $ in the United States  in 

2021 alone .  

Retinal degeneration is associated with a multitude of factors  

Retinal degenerative diseases comprise  a heterogeneous group of eye diseases 

affecting different retinal cell types and eventually lead to vision loss due to the 

inability to detect or transmit light -triggered signals to  the  brain. Glaucoma, an array 

of retinal neuropathies with an adult onset  characterized by the progressive loss of 

retinal ganglion cells  (RGCs) beginning at the optic nerve head , is the second leading 

cause of blindness after cataract (Pascolini & Mariotti, 2012; Quigley, 1999; Whitmore 

et al., 2005). Apart from RGCs, photoreceptors which are highly vulnerable for genetic, 

metabolic or environmental changes are often affected in retinal degenerative 

diseases such as age-related macular degeneration (AMD), retinitis pigmentosa (RP) 

or Leber congenital amaurosis (LCA). AMD is a multifactorial late onset disease that is 

characterized by loss of color vision and visual acuity in the central retina. These 

symptoms are caused by secondary loss of photoreceptors due to retinal pigment 

epithelium  (RPE) dysfunction. AMD is associated with age, smoking, nutritional 

deficiencies and inflammations,  however, in addition mutations or polymorphisms in 

more than 30 genes have been identified in AMD patients (reviewed in Jager et al., 

2008; Warwick & Lotery, 2018) . RP in contrast is caused by a primary loss of rod 

photoreceptors f ollowed by secondary loss of cones. Typical symptoms include night 

blindness as well as progressive loss of peripheral and during later stages also central 

vision. More than 3000 mutations in 700 genes have been associated with R P 

(reviewed in Dias et al., 2018). LCA summarizes a of group of early onset progressive 

rod and cone dystrophies with more than 25 causative genes (reviewed in Kumaran 

et al., 2017). While all the disease s described above a re multifactorial, there are also 

monogenic forms of retinal degenerative diseases  such as Stargardt disease  or 

Choroidema  (Allikmets et al., 1997; Seabra et al., 1993) . Altogether, retinal 
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degenerative diseases cause an extr eme phenotypic heterogeneity of conditions that 

have detrimental  effects on the patientsɅ quality of life.  

Therapeutic options for retinal degenerative diseases are still limited  

Tremendous eff ort is currently being made to identify  and opt imize  therapeut ic 

options for retinal degenerative diseases that are characterized by d eath of retinal 

cells (Figure 1A). However, the restoration of vision remains challenging  as available 

treatments and therapies are still limited allowing in most cases only a deferral of the 

underlying etiopathology (Rein et al., 2022). Common therapeutic approaches include 

retinal prosthesis, gene therapy, optogenetics and cell replacement  therapies  (Figure 

1B-E).  

 

 

Figure 1: Major approaches  to restore vision in retinal degenerative diseases.  

(A) Visual impairment or even loss  of vision is caused by degeneration of different retinal cells. 

Approaches to restore visual function include retinal prosthesis (B), gene therapy (C), 

optogenetics (D) and cell replacement therapy (E). Abbreviations: BC ɀ bipolar cell; RGC ɀ 

retinal gang lion cell; RPE ɀ retinal pigment epithelium. Modified from (Van Gelder et al., 2022) . 

One common therapeutic approach is the application of optoelectronic prosthetics 

(Figure 1B). Here, small electronic devices are transplanted either subretinally or 

epiretinally to transduce visual information into stimulation of retinal cells via an 

electric current. Although thes e devices provide some visual improvement, they are 

limited to the stimulation of the central visual field and resolution and specificity 

remain challenging (Ahuja et al., 2011; Ayton et al., 2020; Dagnelie et al., 2017) . 

Alternatively, gene therapy  is a promising approach  for  the treatme nt of genetically 

determined retinal diseases  (Figure 1C) (reviewed in Moraru et al., 2022; Van Gelder, 

2021). Vorietigene Neparvovec, the first approved gene therapy for retinal 
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degenerative di seases, is directed against the RPE65 photoisomerase gene . It 

integrates into the cells via adeno -associated viruses and improve d vision in young 

patients (Maguire et al., 2019; Russell et al., 2017). Since then  several gene therapeutic 

strategies have been  introduced and provided visual improvement in patients (e.g. 

Jacobson et al., 2012; Pennesi et al., 2018; Testa et al., 2013) . However, the 

development of gene therapeutic strategies  in general  is difficult as often more than 

one gene is associated with the disease  and t he therapeutic window is limited as the 

affected cells still have to exist . In addition, virus -mediated activation of the immune 

system has been observed as well as continuing degeneration even after treatment 

(Bucher et al., 2021; Cideciyan et al., 2013) . Alternatively, viral -based gene therapy has 

successfully been exploited to deliver trophic factors slowing  down the degenerative 

process by providing growth and survival signals  (reviewed i n Van Gelder, 2021). 

Recently, optogenetics came into focus with four clinical trials running at the momen t. 

This approach allows for mutation -independent circuit specific restoration of 

neuronal function  (Figure 1D). The virus -mediated expression of light -sensitive ion 

channel pumps or enzymes in cells that are spared by degeneration (typically retinal 

ganglion or bipolar cells)  is supposed to improve retinal function  (e.g. Bi et al., 2006; 

Busskamp et al., 2010; Lagali et al., 2008) . In 2021, the lab of Botond Roska reported 

vision restoration in a blind patient  by using an adeno -associated viral vector 

encoding the light -gated cation channel ChrimsonR and light stimulation via 

engineered goggles. The goggles detect local changes in light intensity and project 

corresponding light pulses onto the retina in real time to optogenetically activate 

transduced retinal ga nglion cells. While wearing the google, t he patient was able to 

perceive, locate, count and touch  different objects using the vector -treated eye (Sahel 

et al., 2021). Another strategy to treat  retinal degenerative diseases is the application 

of cell replacement therapies. Here, cell s are either obtained from exogenous (e.g. 

organoids or cells differentiated from embryonic or inducible progenitor stem cells ) 

or endogenous  sources  and transplante d into the eye ( Figure 1E). Several studies have 

reported success ful integration of retinal cells  and even improvement or restoration 

of retinal funct ion and even clinical trials were conducted to confirm the efficacy and 

safety of cell transplantations in humans (e.g. Santos-Ferreira et al. 2015; Gasparini et 

al. 2022; Da Cruz et al. 2018; Schwartz et al. 2015) . However, safety,  induced  immune  

responses and reproducibility issues as well as the production of sufficient numbers 

of cells are still heavily discussed (Gasparini et al., 2019; Llonch et al., 2018) . 

Exploiting the intrinsic capacity of retinal stem cells to proliferate and provide new 

retinal neuro ns would be ideal to circumvent these issue s. However, while some 

organisms like zebrafish, Xenopus or chick are able to regenerate retinal cells upon 

injury, mammals fail to do so  (Goldman, 2014; M. O. Karl & Reh, 2010) . Although Müller 
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glia, the putative s tem cells in the retina, become reactive and undergo up to two 

rounds of cell division  upon neuronal damage  they become quiescent afterwards and 

fail to produce retinal neurons (for detailed description see 1.3.1) (Dyer & Cepko, 

2000). Recently, a large comparative single -cell transcriptomics and epigenomics 

study between mouse, zebrafish and chick has elucidated several species-specific 

gene networks controlling glial quiescence, reactivity and neurogenesis (Hoang et al., 

2020). In mouse , they identified a net work that specifically suppresses neurogenic 

pathways and restores quiescence. Indeed , the disruption of nuclear factor I 

transcriptions factors induces proliferation of Müller glia as well as generation of 

retinal neurons after injury in vivo. In addition, others have shown that the 

regeneration of new neurons can be induced using Ascl1 or Atoh7, however, the 

process is still rather inefficient and limited to specific cell types (Jorstad et al., 2017; 

Todd et al., 2021) . These studies demonstrate the importance of understanding the 

processes underlying retinal regeneration in regenerative species to expand the 

therapeuti c options.  

1.2 The zebrafish is an excellent model for ophthalmic  research  

The zebrafish danio rerio  has become one of the most important model organisms 

in biological and biomedical research , especially developmental biology,  during the 

last decades after pi oneer George Streisinger introduced it as an experimental model 

in the 1970s (Streisinger et al., 1986;  Streisinger et al., 1 981). More recently, zebrafish 

also emerged as a popular model in vision research including  eye genetics , visual 

behavior, circuitry and disease  (reviewed in Angueyra & Kindt, 2018; Chhetri et al., 

2014; Fadool & Dowling, 2008; Gestri et al., 2012; Link & Collery, 2015; Maurer et al., 

2011; Morris, 2011; Richardson et al., 2017) . Its retina is comparable  to most 

vertebrates in terms of structure, function and development . In comparison to mice 

and rats , which have long been the predominant models for vision research, the 

zebrafish retina is cone -dominated as the human retina and they possess good color 

vision and a relatively high visual acuity  making th em an attractive model organism  

for addressing  various retina -related questions  (Richardson et al., 2017; Tappeiner et 

al., 2012). In addition,  zebrafish are amenable to a large set of forward and reverse 

genetic techniques and in 2003 the fully annotated sequence of the zebrafish genome 

was published allowing targeted anal ysis or manipulation of gene expression 

(Avanesov & Malicki, 2010; Fadool & Dowling, 2008; Howe et  al., 2013).  
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1.2.1 The zebrafish eye and retinal structure are highly similar to other 

vertebrates  

The vertebrate eye is a complex optical system that collects light from the 

environment, co nverts these signals into electro -chemical impulses and transmits  

visual inform ation to the brain . The morphology of the eye and retina  is highly 

conserved in vertebrates (shown schematically for zebrafish  in Figure 2). The 

transparent c ornea  acts as protective barrier together with the opaque sclera which 

comprise s the outermost layer of the eye. Cornea and lens  form the refractive unit of 

the eye that is responsible for focusing the incoming light  onto the retina (Piatigorsky, 

2001). In comparison  to other vertebrates, the fish lens is more spherical and 

possesses more focusing power  (Keenan et al., 2009). It is suspended in place by 

zonular fibers that are connected to ciliary body. In many vert ebrates the ciliary body 

contain s muscles to accommodate  the focal point. As z ebrafish are not capable of this 

accommodation , its ciliary zone is devoid of muscles. Together with the annular 

ligament , the zonular fibers and the ciliary body form the  iridocorneal angle that 

marks the region in the ocular anterior chamber where the co rnea meets  the  iris. The 

annular ligament , a circumferential meshwork of mesenchymal cells  specifically 

found in zebrafish,  plays a role in shaping the cornea and preventing collapse of the 

iridocorneal angle (Gestri et al., 2012; Soules & Link, 2005) . Furthermore,  the  

intraocular pressure  is maintained by specia lized cells and balanced by aqueous  

humor production and drainage . The vitreous  cavity is the space between retina and 

lens which is  comparably small  in zebrafish  as the spherical lens requires more space. 

It is filled with a clear 3D mesh of extracellular  matrix mainly composed of collagen 

and hyaluronan (Bishop, 1996). While oxygen and nutrients for the outer retina are 

provided by diffusion from the choroidal v essels which  are closely associated with the 

RPE, the inner retina is supplied by the intraocular hyaloid vasculature that is 

connected to the nerve fiber layer (Alvarez et al., 2007). 

The retina lines the back of the eye and is responsible for both the detection and 

processing of visual information. It  has a highly organized laminar structure that was 

already de scribed by Ramón y Cajal in the 1890s  who noticed  the separation of 

different cells into distinct layers in the retina  (Ramón y Cajal, 1981). In principle , the 

retina contains a relatively small number of cells with stereotyp ical positions and 

distinct morphologies  and its structure is highly conserved amongst vertebrates . Six 

types of retinal neurons as well as one glial cell type are organized in three nuclear 

layers which are separated by plexiform layers that harbor the sy naptic connections.  
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Figure 2: The zebrafish retina has a highly organized laminar structure.  

The zebrafish eyes are laterally positioned on the head and display a similar structure as most 

vertebrates. The retina consists of thre e distinct nuclear layers and harbors six neuronal and 

one glia cell type. The visual information is transmitted via the optic nerve to the 

retinorecipient areas in the brain, mainly in the optic tectum. Abbreviations: GCL ɀ ganglion 

cell layer; INL ɀ inne r nuclear layer; IPL ɀ inner plexiform layer;  ONL ɀ outer nuclear layer; 

OPL ɀ outer plexiform layer; POS ɀ photoreceptor outer segments, RNFL ɀ retinal nerve fiber 

layer; RPE ɀ retinal pigment epithelium.  General concept after (Soules & Link, 2005; Retina 

Regeneration in Zebrafish, 2016) . 

Rods and cones are the two types of p hotoreceptors  present in the retina , which  

are responsible for the detection of photons . While cones  are required for color vi sion, 

rods  are responsible for mediating vision  in low light conditions . The photoreceptor  

cell bodies are located in the outer nuclear layer (ONL) while their inner and outer 

segments form the photoreceptor layer . The outer segments interact and even 

physically interdigitate  with  the long protrusions of  the r etinal pigment epithelium 

(RPE), a single layer of specialized epithelial cells adjacent to the photoreceptors. The 

RPE fulfils a multitude a functions in light absorption, epithelial transpor t, growth 

factor secretion and formation of the blood -retina -barrier (summarized in Strauss, 

2005). Importantly, the RPE  plays an important role for maintenance and function of 

the photoreceptors as part of the visual cycle . The photoreceptors get hyperpolarized 

by light and modulate the release of the excitatory neurotransmitter glutamate  

accordingly . This is conveyed chemically to inner retinal neurons namely bipolar, 

amacrine and horizontal cells , which reside in  the inner nuclear lay er (INL). Synaptic 

contacts  between photoreceptors and inner retina l neurons are located in the outer 
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plexiform layer (OPL).  Retinal ganglion cells (RGCs), the output neurons of the retina,  

receive input from inner retinal neurons  located in the ganglion cell layer  (GCL). Their 

axons make up the retinal nerve fiber layer that eventually form s the optic nerve . The 

optic nerve leaves the retina  at a central  position and left and right optic nerve s cross 

at the optic chiasm before the y reach the optic tectum. Zebrafish p ossess several 

retinofugal targets , mos t prominently the optic tectum (reviewed in Baier and 

Wullimann 2021) . In general, information processing in the retina is highly com plex 

and visual information has already  undergone a multitude of processing steps before 

it r eaches the brain (reviewed in Fain and Sampath 2018) . 

In addition  to neurons , the retina contains one type of glial cell , the Müller glia. The 

cell body of Müller glia  cells is located in t he INL while its  radial  processes span the 

entire thickness of the retina  from inner t o outer limiting membrane . In addition, 

lateral processes  allow interaction with neighboring  cells. Müller glia are c ritically 

required for retinal function  (Bringmann et al., 2006; Bringmann, Pannicke, et al., 

2009; Reichenbach & Bringmann, 2013) . During homeostasis, Müller glia provide 

regulation of the extracellular volume and composition, regulate the blood flow, 

maintain the blood -retina -barrier and mediate mechanical tissue homeostasis. 

Although they are not directly involved in vision, they act as light guides and contribute 

to the cone visual cycle. Moreover, Müller glia are involved in persistent neurogenesis 

and are critically required for regeneration ( see 1.3.1). 

As mentioned above, eye and retinal structure are highly conserved amongst 

vertebrates, howev er, there are also some features that are specific for individual 

animals or classes of animals. In comparison to mouse and humans, zebrafish 

possess UV-sensitive cones in addition to red, blue and green co nes making them 

tetrachromates (Engström, 1963) . One characteristic feature of the adult zebrafish 

retina is its n onrandom organization of different neuronal populations  (Cameron & 

Carney, 2000, 2004; Fadool, 2003) . This is most evident in the ONL where the position 

of each cone subtype is arranged relative to other cells generating a highly ordered  

crystalline -like mosaic (Fadool, 2003; Robinson et al., 1993) . In this mosaic, columns of 

blue and UV cones alternate with columns of red -green double cones with green 

cones flanking UV cones and red cones flanking blue cones. Like humans , zebrafish 

are diurnal and their retina is cone-dominated with about 60 % cones and 40 %  rods 

in the adult retina which resembles the composition of the hu man central retina 

(Fadool, 2003). However, the zebrafish retina does not display regional differences in 

photoreceptor density like the human fovea.  
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1.2.2 Vision plays a major  role in zebrafish behavior  

Visual perception is the ability to interpret the surrounding environment through 

vision. Zebrafish, as many other animals, rely on vision as their primary sense to orient 

and move around in their environment but also to capture  prey and escape predators.  

Studies have confirmed that they are able to discriminate objects and shapes and 

show a rich color processing from red to infrared light  (Hughes et al., 1998; Meier et 

al., 2018; Oliveira et al., 2015) . In addition, they show a broad range of visually -

mediated behaviors.  

Zebrafish possess a high visual acuity and highly developed color vision 

The eyes of the zebrafish are laterally positioned which  allow s an overlapping field 

of binocular vision  as well as a wide visual coverage  (Easter & Nicola, 1996;  Maurer et 

al., 2011; Pita et al., 2015) . RGCs are not distributed evenly throughout the retina but 

show a higher density in the ventro -temporal region , which allows highest visual 

acuity in the field of binocular vision. In general, the visual acuity , which is the 

capability of an animal to perceive static spatial detail , is comparably high  in zebrafish 

(Caves et al., 2018). It was estimated to be 1.9 based on the RGC density which 

suggests that they are able to see a conspecific up to a distance of 75 cm (corresponds 

to 18  times body length ) (Pita et al., 2015). However , the visual acuity that was 

experimentally determined using a behavioral assay was 0.56 to 0.58 and therefore 

considerably lowe r as calculated (Tappeiner et al., 2012) .  

A recent study described the visual system of zebrafish larvae in correlation to its 

visual surroundings (Zimmermann et al., 2018) . They found that the la rval retin a is 

highly anisotrop ic with different groups of neurons dominating different parts of the 

retina . This allows the fish to survey their visual surround ing that is highly diverse in 

terms of chromatic content. The dominating wavelength underwater is red and  

therefore red cones are critically required for spatial and motion  vision  and are 

predominantly found in respective area s. UV cones in contrast are preferentially 

needed for detection of prey and predators as these tend to be UV bright or dark, 

respectively. Similarly, they are dominating the ventral  part of the retina . Moreover, a 

study analyzing the functional diversity of R GCs described a substantial 

regionalization in the larval retina (Zhou et al., 2020) . As cones are organized in a 

mosaic throughout the entire adult retina, regional changes would rather be expected 

at the RGC or circuit level  as described in a recent study (Pita et al., 2015). In addition, 

regionally specialized patterns of different opsins have been described in the adult 

zebrafish retina (Stenkamp et al., 2021; Takechi & Kawamura, 2005) . 
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Retinal development is essentially completed within 3 days 

During zebrafish retinal development, neurons and glia are generated in 

sequential but overlapping waves as also observed in other vertebrates (Hu & Easter, 

1999). During the first wave of neurogenesis, RGCs are born at around 32 hpf and by 

50 hpf, amacrine, bipolar and horizontal cells can be observed. First postmitotic 

photoreceptor cells can be observed between 43 and 48 hpf and by 55 hpf rod and 

cone ou ter segments can be detected in the developing retina (Hu & Easter, 1999; 

Nawrocki et al., 1985; R obinson et al., 1995) . Neurogenesis is essentially completed by 

60 hpf when over 90 % of neurons are postmitotic in the central retina and major 

neuronal laminae become distinguishable by morphological criteria (Nawrocki et al., 

1985). The differentiation of the photoreceptor subtypes, however, becomes only 

apparent by 4 d pf  and by 12 dpf  all types of photoreceptors can be distinguished by 

their characteristic morphology (Branchek & Bremiller, 1984) . Another critical step 

during eye development is the formation of retinotectal projections. The first axonal 

processes are already formed early after the terminal division of RGCs which migrate 

towards the vitreal surface and exit the larval eye by 34 to 36 hpf (Bodick & Levinthal, 

1980; Stuermer, 1988 ). These axons migrate along the optic stalk and towards the 

midline where they split into dorsal and ventral tract branches of the optic tract and  

the  first RGC growth cones reach the optic tectum between 46 and 48 hpf (Burrill & 

Easter, 1995; Macdonald et al., 1997; Stuermer, 1988) . Although the presynaptic 

ribbon is already developed by 65 hpf, the retina becomes functional only at 74 hpf 

when also ribbon synapses of bipolar cell s have fully matured (Easter & Nicola, 1996; 

Schmitt & Dowling, 1999) . 

Zebrafish display a multitude of visually-mediated behaviors 

During development first signs  of vision  can be observed between 2.5 and 3. 5 dpf 

when the retina is mature enough to mediate visual function  (Clark, 1981; Easter & 

Nicola, 1996). By 2-3 dpf larvae hatch from their chorion , by 5 dpf the swim bladder 

inf lates and they start to swim freely and actively pursue food. By this time the retina 

is considered fully functional  (Biehlma ier et al., 2003) . First electrophysiological 

recordings of retinal activity have been successfully performed  at 72 hpf  (Branchek & 

Bremiller, 1984) . Already at larval stages , zebrafish display a wide range of visually -

mediated behaviors  (Mueller & Neuhauss, 2010) . The earliest is the startle response 

which is characterized by a rapid movement of the whole body induced by a sudden 

change in illumination that can already be observed by 68 hpf (Easter & Nicola, 1996) . 

It is a defensive reflex that causes fish to escape d anger from  predator s and hence 

avoid dark area s, moving objects and open space (Colwill & Creton, 2011) . By 5 dpf, 

when the retina  is mature enough  to mediate behaviors that require vision including 
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the optokinetic response (OKR), optomotor -guided visual behavior, phototactic or 

light -driven visual behaviors and background adaptation can be observed  (Biehlmaier 

et al., 2003). OKR is a reflexive behavior present in all vertebrates and improves the 

animalɅs ability to track moving objects or stimuli. This is achieved by stabilizing the 

image of the object on the retina by matching the direction and velocity of the 

movement of the eyes to the movement of the stimulus (Neuhauss, 2003) . It is 

composed of a smooth pursuit movement following the visual stimulus and fast 

saccadic movements to reset the eye after the stimulus has left the visual field  (Huang 

& Neuhauss, 2008) . The OKR can already be observed between 73 and 80 hpf (Easter 

& Nicola, 1996) . In contrast to the OKR, the optomotor response (OMR) describes 

movements of the whole head and b ody that are elicited by visual stimuli. These 

behaviors are developed by 5 dpf and can reliably be evoked by 7 dpl (Bilotta, 2000; 

Clark, 1981). Moreover  zebrafish larvae are phototactic, which means they are mostly 

driven towards illuminated areas  (Brockerhoff et al., 1995; Wolf et al., 2017) . Another 

distinct behavior that can be observed already at larval stages is the background 

adaptation that is  mediated by the adjustment of the melanin distribution in the skin 

in response to  changing ambient light levels (Balm & Gröneveld, 1998) . 

Many visually -mediated behaviors observed in larvae  such as OKR and OMR are 

still present  in adult zebrafish . Although the startle response is only detectable at 

larval stages, a specific optomotor response, namely the escape response, can be 

observed in adults after 2 months post fertilization (mpf)  (Li & Dowling, 1997) . 

Moreover, adult fish show the tendency to turn their back towards the light as light 

also comes from above in their  natural environment. This dorsal light reflex has also 

been described after 2 mpf  (Neuhauss, 2003; Nicolson et al., 1998) . In general, 

behavior becomes increasingly comp lex in adult zebrafish which are highly social 

animals and preferentially live in groups forming shoals a nd even more polarized 

schools (Facciol & Gerlai, 2020; Miller & Gerlai, 2011) . Apart from schooling  and 

shoal ing these behaviors include a multitude of different social interactions as 

exhibiting a range of other social behaviors including  conspecific directed aggression , 

mating, and other behaviors (Arganda et al., 2012; Engeszer et al., 2008; Green et al., 

2012; Jones & Norton, 2015; Krause et al., 2000; N. Miller & Gerlai, 2007) . Many of 

these behaviors require the detection of motion and shape to appropriately react to 

visual stimuli . Different species of fish including zebrafish have been described to 

being able to recogniz e their kin , some even by facial recognition (Edenbrow & Croft, 

2012; Gerlach & Wullimann, 2021; Kohda et al., 2015; M. Y. Wang & Takeuchi, 2017). 

Social behaviors seem to develop gradually with first signs being  observed as early as 

1 week post fertilization, w hile robust social interactions are present by 3 wpl (Dreosti 

et al., 2015; Engeszer et al., 2007; Hinz & De Polavieja, 2017) . Schooling  and shoaling , 
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however, require  the group to move in a polarized and coordinated manner and has 

thus far  only been described i n adults (N. Miller & Gerlai, 2007) .  

1.2.3 A multitude of m ethods  is available  to study retina l morphology  and 

function  in zebrafish  

The retina is an isolated network of neurons that is se parated from the rest of the 

central nervous system. It is a well -studied tissue with a highly organized structure 

which contains a relatively small number of neuronal classes with d efined positions 

and distinct  morphologies. It is easily accessible, allows for precise tissue 

manipulation and its transparent optics even enable monitoring of disease 

progression and treatment responses. A wide array of techniques is available to study 

the anatomy, structure, physio logy and function of the retina.   

Imaging retinal cells and their connections 

Classical histological stainings (e.g. Hematoxilin Eosin  (HE)) in combination with 

different light microscopy techniques are commonly used to evaluate the  gross 

morphology  of th e retina while subcellular structures can be analyzed using electron 

microscopy. The precise organization of retinal neurons as well as their characteristic  

phenotype  enable the distinguished analysis of individual cell types. In addition , 

molecular marker  analyses, as antibody stainings or in situ hybridizations , are used to 

determine the expression pattern of specific markers on protein or transcript level, 

respectively. Both techniques can be applied on retinal sections as well as whole 

mount retinae. In  addition, a large number of transgenic lines that fluorescently label 

specific cell types or subcellular structures have been generated (Fadool, 2003; Smyth 

et al., 2008). Although, there are a few reports on live  or ex vivo imaging  in the adult 

zebrafish retina , all of the above mentioned techniques can only be applied on fixed 

retinal tissue  (Abraham, 2021; Duval et al., 2013) . In addition, no cross sectional views 

can be achieved using light or electron microscopy in living animals. Optical coherence 

tomography (OCT), in contrast, is an imaging technique that allo ws the imaging of 

retinal structure in vivo making use of the differential reflectivity of structures and 

cells. The refractive  properties of the zebrafish retina  allows imaging of detailed 

structures as photoreceptor inner and outer segments  (Collery et al., 2014; 

Huckenpahler et al., 2020; Weber et al., 2013) . Moreover, e n face pr ojections  can be 

generated to visualize  the  photoreceptor mosaic . OCT has for example been used to 

monitor the progressio n of retinal hemorrhage in the adult zebrafish eye  or retinal 

damage upon neurotoxin -or light -induced lesion  (Bailey et al., 2012; Lin et al ., 2019; 

Weber et al., 2013) .  
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Analysis of retinal connectivity and function 

While specific markers allow the imaging of synapses, lipophilic dyes as DiO or DiI 

that label cell membranes can be used to study retinotectal projections if injected into 

RGCs (Baier et al., 1996; Connaughton et al., 2004; Honig & Hume, 1986) . However, no 

conclusion can be drawn on the retinal connectivity  from these experiments . To this 

end, electrophysiological techniques are commonly used. The electroretinogram 

(ERG) is an electrophysiological method  that allows the analysis  of the bulk electrical 

activity of the retina in response to a light stimulus. In detail, an electrical field 

potential is generated upon light stimulation and transferred to the corneal surfac e 

where it is measured using a thin glass electrode  that is in serted near the cornea . The 

recorded ERG consists of a number of major components with conserved waveforms 

that allow to draw conclusions about the activity of individual cell types. The a-wave 

displays the activity of photoreceptors while b - and d -waves are generated by ON and 

OFF bipolar cells, respectively (e.g. Nadolski et al., 2021) . The ERG has been recorded 

from larval and adult zebrafish  (Maaswinkel et al., 2005; McGinn et al., 2018; Wasfy et 

al., 2014). In addition, RGC function can be  determined by directly recording action 

potentials from the optic nerve (Gnuegge et al., 2001; Li & Dowling, 1997) . 

Photoreceptor function has been studied by measuring the outer segment current in 

isolated cells (Brockerhoff et al., 2003) . In summary, while all of these techniques allow 

some insight into the electrophysiology of the retina, the information is limited on 

either whole retina level or single cells. Mu ltielectrode arrays consist of a higher 

number of electrodes and therefore allow for recording s with a high spatiotemporal 

resolution (Lonardoni et al., 2019) . While this technique is commonly used to study 

the mouse retina, only one  repor t is availabl e for the zebrafish retina (Johnston et al ., 

2014). A number of studies use Calcium indicators  to address neuronal fu nction in the 

larval retina , however , studies in the adult retina are currently lacking  (Ahrens et al., 

2013; Ma et al., 2013) . Only recently, our lab established functional Calcium imag ing 

in explanted adult retinae (Abraham, 2021) .  

Behavior is t he final outcome of neuronal activity and hence many behavioral 

assays have been established  to study visual function. For larval zebrafish, v arious 

assays to study the startle response, phototaxis as well as OMR and OKR have been 

published  (Brockerhoff et al., 1995; Clark, 1981; Deeti e t al., 2014; Neuhauss et al., 

1999). In addition, many assays have also been established to study visual behavior 

in the adult zebrafish. To study the dorsal light reflex, adult fish are placed head down 

into a narrow tube while light is shown onto the fish from one direction . In case of a 

functional dorsal light reflex, the fish would orient their body accordingly  (Neuhauss, 

2003; Nicolson et al., 1998) . An escape response can be elicited by projecting a dark 
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stimulus onto the wall of the test arena which usually elicits avoiding behavior as 

abrupt change in swimming direction  (Li & Dowling, 1997) . Likewise, moving black and 

white vertical stripes can be projected onto the wall of a circular tank to generate an 

OMR where fish would follow the direction of the movement (LeFauve et al., 2021; 

Neuhauss, 2003) . The OKR has been studied in adult fish by fixing it upright while 

eliciting the stereotypical eye movements  with black and white stripes and m anually 

assessing the eye movements  (Huang & Neuhauss, 20 08; Maurer et al., 2014) . In 

addition, a variety of place preference tests have been established to study social 

preference as well as visual properties or even behavioral reactions  to 

pharmacological treatments (e.g. Benvenutti et al., 2021; Collier & Echevarria, 2013) . 

Recently, even virtual reality has been establ ished for freely swimming fish (Stowers 

et al., 2017).  

1.3 The zebrafish retina can regenerate after lesion  

The ability to regenerate varies greatly between species and whi le mammals only 

possess a very limited regenerative capacity , zebrafish have the remarkable capacity 

to regenerate many di fferent tissues and organs (Gemberling et al., 2013) . Besides its 

ability to regenerate fins, heart and kidney, it can also regenerate neurons in spinal 

cord, brain and retina upon injury.  

1.3.1 Different stem cell niches are  present in the adult zebrafish retina  

Persistent neurogenesis allows retinal growth during adulthood  

Zebrafish grow lifelong and so does their retina. Retinal growth is thereby 

accomplished by  balloon -like stretching of the existing tissue , enlargement of  cells as 

well as postembryonic addition of new retina l cells (Centanin et al., 2011; Johns, 1982; 

Pamela Raymond Johns & Easter, 1977). Two spatially separate neurogenic niches 

have been described in the context of the constitutive or persistent neurogenesis.  The 

ciliary marginal zone  harbors neuroepithelial stem and progenitor cells that generate 

all ret inal neurons except for rod photoreceptors. New cell s are hereby added in 

regul ar annuli as eye and retina grow (Raymond et al., 2006) . The sequence of 

generation of retinal neurons largely recapitulates dev elopment (Lenkowski & 

Raymond, 2014) . Rod photoreceptors in contrast are added by slowly cycling Müller 

glia cells that sporadically and asynchronously di vide and generate fate -restricted  

progenitors  (Bernardos et al., 2007; Johns, 1982; Otteson & Hitchcock, 20 03; 

Stenkamp, 2011) . These progenitor cells eventually migrate to the ONL and lineage -

tracing studies have confirmed that they differentiate exclu sively into  rods (Bernardos 

et al., 2007).  
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Figure 3: New neurons are added to the adult zebrafish retina during p ersistent neurogenesis .  

The zebrafish retina harbors two distinct neurogenic niches. Stem cells in the ciliary marginal 

zone produce all retinal neurons during persistent neurogenesis except for rods which are 

specifically generated from Müller glia -derived progeni tors . Abbreviations: AC ɀ amacrine cell; 

BP ɀ bipolar cell;  BV ɀ blood vessel; CE ɀ ciliary epithelium ; GC ɀ ganglion cell; HC ɀ horizontal 

cell; MicG ɀ microglia;  RPE ɀ retinal pigment epithelium. Modified from (Lenkowski & Raymond, 

2014). 

Müller glia act to adopt stem cell characteristics upon retinal lesion 

In comparison to the persistent  neurogenesis described above, Müller glia  also 

possess the ability  to respond to retinal injury . First evidence of regenerative 

neurogenesis in the fish retina  was already provided in the 197 0s, when Lombardo 

and colleagues observed cell proliferation  upon  surgical removal of retinal tissue in 

goldfish  (Lombardo, 1972) . In the early 2000s this was confirmed by several labs which 

described proliferation in the INL upon retinal damage  (Raymond et al., 2006;  Vihtelic 

& Hyde, 2000; Vihtelic et al., 2006) . Again, lineage tracing studies identified Müller glia 

as the endogenous stem cells being capable of regenerating all types of retinal 

neurons (Bernardos et al., 2007; Fausett & Goldman, 2006; Fimbel et al., 2007 ). Upon 

retinal injury, Müller glia become gliotic as they show hypertrophy and upregulate the 

expression of glial fibrillary acidic protein  (GFAP) (Thomas et al., 2016) . However, this 

state is only transient as reprogramming allows Müller glia to acquire a progenitor -

like state and adopt retina stem cell properties  (Goldman, 2014; Powell et al., 2016; 

Ramachandran et al., 2010) . Reactive Müller glia exhibit interkinetic nuclear migration 

and undergo a highly synchronized single asymmetric division to self -renew and 

produce a p roliferating retinal progenitor (Lahne et al., 2013; Nagashima et al., 2013) . 

These retinal progenitors divide rapidly to produce clusters of progenitor cells which 
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migrate along the radi al processes of the Müller glia cells , differentiate and generate 

new neurons for retinal repair  (Bernardos et al., 2007; Fausett & Goldman, 2006; 

Nagashima et al., 2013) .  

 

 

Figure 4: Injury -induced regeneration  is mediated by Müller glia cells . 

Upon death of retinal neurons mediated by retinal lesion (e.g by bright light) , Müller glia get 

activated and proliferate to produce retinal progenitors that migrate to the lesion site and 

replace the lost cells . Abbreviations: dpl ɀ days post lesion. Color code: orange ɀ resting Müller 

glia; red ɀ reacti ve Müller glia and progenitors; green ɀ retinal ganglion cell; blue ɀ bipolar cell; 

brown ɀ rods. General concept after (Bludau, 2019) . 

Müller glia reprogramming is a highly regulated process 

The complex multi -step process of retinal regeneration is  highly regulated  and 

associated with large scale changes in gene expression , DNA methylation as well 

activation of genes associated  with multipotency,  that precede proliferation and 

generation of retinal progenitors  (reviewed in Gorsuch & Hyde, 2014; Lahne et al., 

2020). Moreover , inflammation play s an essential role in retina regeneration, as  

inflammatory molecules regulate the quiescence and division of Müller glia as well as 

the proliferation of Müller glia -derived progenitors and survival of regenerated 

neurons (Iribarne et al., 2019; Iribarne & Hyde, 2022; Mitchell et al., 2018; Nagashima 

& Hitchcock, 2 021; Silva et al., 2020). Recently it has been shown that inflammation is 

indeed critically required as the block of the immune system strikingly reduces the 

regenerative response  (Bludau, 2019; Silva et al., 2020) . 
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Although there are vast number s of studies dealing with the process of Müller glia -

mediated retinal regeneration, many open questions still remain in the field. It is for 

example not resolved whether all Müller  glia have an equal ability to generate 

progenitors or whether there are differences between potential Müller glia su btypes. 

Although there are some clues that retinal regeneration at least partly recapitulates 

retinal development, it is not fully understood (Celotto, 2022; Lahne et al., 2021) . 

Another pending question is why some organisms possess a high er regenerative 

capacity compared to others (Ferretti, 2011) . Several hypotheses why the ability to 

regenerate has been repeatedly lost over the course of evolution are currently 

discussed (Blackshaw, 2022).  

Regenerative capacity in the retina varies between species 

Different organisms possess a varying degree of regenerative capacity in the retina 

(Figure 5) (Karl & Reh, 2010; Sharma & Ramachandran, n.d.) . In amphibians, the RPE 

is the primary source for retinal  regeneration as these  cells re-enter the cell cycle upon 

retinal lesion and are capable of regenerating an entire retina (Araki, 2007; Reh et al., 

1991). Similar to fish , they also possess an active CMZ that is also capable of producing 

retin al neurons during adult stages (Kubota et al., 2002) . While postnatal birds still 

show a limited proliferative activity in the CMZ, it is completely absent in the 

mammalian retina (Kubota et al., 2002) . Comparable to fish, Müller gli a get reactivated 

upon damage in  posthatch chick, howe ver, they produce only a reduced amount of 

progenitors and hence display a limited amount of regenerative capacity  (Fischer & 

Reh, 2001). Although lesion -dependent proliferation of Müller glia has also been 

described in mammals, they qu ickly become gliotic and fail to produce retinal neurons 

in sufficient numbers  (Bringmann  et al., 2009; Dyer & Cepko, 2000; Jadhav et al., 2009) . 

Nonetheless, it has been shown that proliferation of Müller glia  as well as subsequent 

regeneration of new neurons can be stimulated in the mouse retina by induction or 

repression of specific restriction factors or growth factors  (Elsaeidi et al., 2018; Hoang 

et al., 2020; Jorstad et al., 2017; Karl et al., 2008; Todd et al., 2021) .  

Thus, understa nding mechanisms by which zebrafish can regenerate lost neurons 

may provide strategies for stimulating mammalian retina regeneration (see 1.1). 
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Figure 5: Regenerative capacity of the retina varies between species.  

(A) Different neurogenic niches are present in the retina of amphibians, fish, chick and mouse. 

A ciliary marginal zone is active in amphibians, fish and chick but not  in mouse (blue). Upon 

injury, RPE cells in amphibians dedifferentiate and mediate regeneration (brown) while Müller 

glia act as stem cells in chick, fish and mouse (magenta). (B) Müller glia possess diverse 

regenerative capacities in different organisms. In fish , Müller glia are capable of producing all 

retinal cell types and restoring tissue architecture (blue). In chick, only distinct cell types can 

be produced in low numbers (yellow). In mouse, only  restricted number s of Müller glia  re-enter 

the cell cycle and progenitor cells  are only produced in insufficient numbers . Abbreviations: 

AC ɀ amacrine cell; C ɀ cone; BP ɀ bipolar cell; HC ɀ horizontal cell; MG ɀ Müller glia; R ɀ rod, 

RGC ɀ retinal ganglion cell. Modified from (Karl & Reh, 2010). 

1.3.2 Various lesion models have been established to study retina 

regeneration  

Over the years many lesion models have been proposed to study r etina 

regeneration in adult zebrafish (models used in this study are shown in Figure 6). 

These paradigms target different cell types, layers or areas of the retina thus creating  

different amounts of damage. Hence, they all come with different suite of advantages 

and disadvantages and allow the replication of various disease progresses.  

Physical lesions 

First experiments on retinal regeneration were performed in goldfi sh and sunfish 

using surgical lesions in which small pieces of the retina were removed using a needle 

or scalpel (Cameron & Easter, 1995; Hitchcock et al., 1992; Lombardo, 1972) . These 

and other mechanical lesions that include retinal stab injuries as well as optic nerve 

crush injuries have also been applied to zebrafish (Cameron, 2000; García -Crespo & 

Vecino, 2004; Powell et al., 2016; Ramachandran et al., 2011) .  
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A widely used approach is light -induced damage. In general, fish are exposed to 

very bright light after a period of dark -adaptation that makes the retina more 

susceptible to the light damage. As a result photoreceptors are damaged to different 

degrees due to rhodopsin bleaching and oxidative stress that eventually induce cell 

death (Weber et al., 2013) . Specifically, two slightly different paradigms have been 

described. The first paradigm use s albino zebrafish that lack black melanin 

pigmentation which supposedly increases susceptibility to light -induced damage 

(Penn et al., 1985; Wheeler, 1978) . The fish are dark -adapted for several days before 

they are exposed to constant bright light for up to seven days (Vihtelic & Hyde, 2000) . 

Another study established two different light lesion paradigms (Weber et al., 2013) . In 

the diffuse light lesion model, freely swimming normally -pigmented fish are exposed  

to very bright light (200 000 lux) for 30 minutes resulting in photoreceptor ablation in 

a broad central stripe of the retina sparing only the very dorsal and ventral patches 

(Figure 6A). In the focused light lesion model, lesions are generated using a focused 

light beam that is projected onto the retina for 30 minutes creating a locally defined 

lesion across all retinal layers. Similarly, Braisted and colleagues have used an argon 

laser that was focused through the cornea to heat and ablate a small patch of 

photoreceptors (Braisted et al., 1994) . 

Chemical lesions 

A promising approach to specifically ablate inner retinal neurons is the injection of 

different neurotoxins into the retina. Ouabain is a highly neurotoxic substance that 

inhibits Na +/K+-ATPases inducing a cascade of depolarization -induced enzymatic 

changes that eventually result in cell death (Valente et al., 2003) . It has been shown to 

act in a concentration -dependent manner with low doses resulting in specific cell 

death in GCL and INL while higher doses induced c ell death in all retinal layers (Fimbel 

et al., 2007; Sherpa et al., 2008)  (Figure 6B). Of note, several studies confirm however 

that Müller glia, microglia and RPE are spared in Ouabain -mediated lesions (Mitchell 

et al., 2018; Nagashima et al., 2013; Sherpa et al., 2014) . Alternatively, N-methyl -D-

aspartate (NMDA) which induces glutamate excitotoxicity has been teste d to induce 

retinal lesion. While comparably lower concentrations of NMDA failed to destroy 

retinal neurons and elicit a regenerative response, higher concentration induced 

specific cell death in GCL and INL (Luo et al., 2019; Powell et al., 2016; Raymond et al., 

1988) (Figure 6C). In contrast, N -methyl -N-nitrosurea (MNU) results in specific death 

of rod photoreceptors (Maurer et al., 2014; Tappeiner et al., 2013) . 
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Figure 6: Various lesion types can be applied to target specific retinal layers . 

(A) Freely swimming fish are exposed to bright light resulting in the specific ablation of 

photoreceptors in a broad central stripe of the retina. (B) Intravitreal  injection of the 

neurotoxin Ouabain results in a concentration -dependent damage of the inner retinal layers 

with moderate concentrations and all retinal layers with high concentrations. (C) Intravitreal 

injection of the neurotoxin NMDA induces specific de ath of inner retinal neurons . Damaged 

cells are indicated in red.   

Pharmacogenetic lesions 

All of the above mentioned approaches do not allow for the targeted ablation of 

specific cell types. However, this aim can be tackled using transgenic zebrafish line s 

that express the bacterial nfsB/NTR under control of a cell -type specific promotor 
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which upon injection of the prodrug MTZ results in the specific ablation of individual 

cell types (Curado et al., 2008) . Lines that specifically target rods, individual cone 

subtypes, bipo lar cells and RGCs have been used in the field (Emmerich et al., 2020; 

Emmerich & Mumm, 2022; Fraser et al., 2013; Hagerman et al., 2016;  Montgomery et 

al., 2010; White et al., 2017; White & Mumm, 2013) . 

Visual mutants and retina degeneration models 

Different genetic screens for  visually -impaired mutants have isolated a large 

number of mutants that show an eye phenotype  e.g. progressive retinal dystrophies  

(Brockerhoff et al., 1995; Li & Dowling, 1997; Neuhauss et al., 1999) . Heterozygous 

mutants for shh, for example, show progressive loss of cone photoreceptors 

suggesting a role for shh i n cone maintenance  (Stenkamp et al., 2008) . Additional  

prominent examples are t he bugeye,  noa and bumper mutant s (Schonthaler et al., 

2010; Stujenske et al., 2011; Taylor et al., 2004) . Other visual mutants were identified 

by their darker pigmentation indicating a defective background adaptation as for 

example the atoh7 mutant lakritz  (Kay et al., 2001; Kelsh et al., 1996; Neuhauss et al., 

1999). In addition, many models of retina degeneration and disease  (including RP, 

LCA, choroidema and achromatopsia) have been  generated and  characterized 

(reviewed in Noel, Macdonald, and Allison 2021; Perkins 2022) . These models  do not 

only provide novel insight into disease mechanisms and progression but also serve 

as platform for drug screenings and allow the examination of regenerative processes 

in the context of a continuously injured environment . 

1.3.3 Tissue architecture is largely restored after retinal lesion  

Various studies have confirmed that Müller glia cells re -enter the cell cycle upon 

retinal lesion and produce retinal progenitors that differentiate into all types of retinal 

neurons  (Goldman, 2014) . Although it is generally accepted that tissue architecture is 

restored after lesion, several studies have report ed that the regenerated tissue 

retains morphological abnormalities. After surgical lesion, the retina shows a reduced 

spatial order with the tendency towards random distribution of the cells especially in 

the photoreceptor layer where the cone mosaic was f ound to be not patterned 

properly (Cameron & Carney, 2000, 2004; Stenkamp & Cameron, 2002) . In addition, 

the laminar  organization appears imprecise, laminar fusions between different retinal 

layers have been frequently observed as well as retinal detachment and post -

operative shrinking of the eye (Hitchcock et al., 1992; Mensinger & Powers, 2007) . 

After light lesion, the retina usually retains its lamination, however, also her e the cone 

mosaic appears disordered. UV cones have been described to be less regularly  

shaped and organized and also rods appeared slightly different with respect to 
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density  and regularity of patterning  (Qin et al., 2009; Vihtelic & Hyde, 2000; Weber et 

al., 2013). After Ouabain injection, all types of retinal neurons have been shown to 

regenerate and have mainly been detected in the expected layers. However, various 

morphological impe rfections have been described. A milde r phenotype  included a 

few errant cells in the plexiform layers  forming laminar fusions as well as 

disorganization in the tangential plane of the retina and disruptions of topographical 

arrangements of inner and outer retinal neurons  (Raymond, Hitchcock, et al., 1988) . 

Especially noticeable was again the disord ered cone mosaic as well as clumps of cells 

that might  reflect regenerative clusters. Moreover, regenerated retinas were 

considerably thinner and gaps and vacuoles have been observed in retinal structure 

(Fimbel et al., 2007; Sherpa e t al., 2008). In very severe cases, usually observed after 

injection of high concentrations of Ouabain, even extra -retinal tissues were affected. 

Sherpa and colleagues detected reduced pupil size s due to iris overgrowth, lens 

abnormalities including opa cities or duplications besides gross morphological defects 

of the retin a in half of all injected fish (Sherpa et al., 2008).  

Light lesio ns seem to induce less significant morphological alteration s during the 

course of regeneration compared to the surgical lesions or neurotoxin injections that 

cause a broader and more severe morphological damage initially. It has been 

concluded that cells s pared by the lesion provide instructive information for 

pattern ing and layering of the retina (Sherpa et al., 2014). Moreover , it has been 

proposed tha t the extent and type of retinal lesion might induce different signals or 

different amounts of signals at the injury site which might lead to differential 

responses of the Müller glia. Müller glia that are close to the lesion site react to the 

lesion  first  and re -enter the cycle before prolif eration eventually spreads out 

(Cameron et al., 2005) . Analysis of cell death and proliferation  dynamics  revealed a 

strong correlation be tween the amount of cell death and injury -induced proliferation 

(Thomas et al., 2012;  Vihtelic et al., 2006) . In general, the morphological reco very is 

slower after loss of inner retinal neurons compared to photoreceptor loss (Nagashima 

et al., 2013). 

Although some studies have revealed that predominantly  ablated neurons were 

generated, a more recent study claims that Müller glia are intrinsically multipotent 

generating all types of retinal neurons independent of the lesion model (Powell et al. 

2016; Fimbel et al. 2007; Fraser  et al. 2013). Here, they compared retinal regeneration 

in the context of th ree different lesion paradigms and detected ectopic or excess 

neurons throughout all retinal layers (Powell et al., 2016) . This could be confirmed in 

a very recent study from our lab that showed the generation of all retinal  neurons 

upon light -mediated photoreceptor damage (Celotto, 2022) . It remains to be 
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elucidated whether these cells persist in the tissue and potentially disrupt  the normal 

complement of cell type proportions and con nectivity (Yoshimatsu et al., 2016) .  

1.3.4 Functional recovery is only insufficiently  addressed in regeneration 

studies  

While the tissue restoration on morphological level has been addressed in a wealth 

of studies and in the context of many different lesion models, the functional 

regenerative outcome is only addressed in the minority of regenerative studies. 

Regeneration as such would , however,  only be of limited utility if newly regenerated 

neurons would fail to establish correct synaptic connections to func tionally integrate 

in or re -establish neuronal circuits  and make functional connections to the brain  as 

well as eventually lead to restoration of visual function.  

Visually-mediated behavior as the final outcome of retinal activity has proven 

challenging t o be address ed although a number of independent studies suggest at 

least some degree of visual restoration. I t was shown in goldfish that the dorsal light 

reflex is recovered within 30 we eks after administration of Ouabain whereas the 

recover y takes approx imately  80 days after surgical lesion  (Mensinge r & Powers, 

1999, 2007). Using vision -dependent place -preference test s, Sherpa and colleagues 

reported restoration of functional vision at 60 days after a mild neurotoxic lesion and 

at 100 days after whole retina destruction (Sherpa et al., 2008, 2014). Finally, in an 

MNU-induced retinal degeneration model it was shown that the optok inetic response, 

is restored within 15  days after lesion (Maurer et al. 2014) .  

Although all of these studies suggest a least a partial recovery of visual function  in 

dependence of the lesion model , they do not address the underlying circuits of 

functionality of individual cells.  Some studies reported the formation of chemical 

synapses and gap junction upon regeneration hinting towards functional integration, 

however electrophysiological studies rev eal that retinal circuitry is only restored to a 

limited extent  (Hitchcock, 1997; Hitchcock & Cirenza, 1994; McGinn et al., 2018; 

Mensinger & Powers, 1999, 2007; Morey et al., 2022) . In general, a lack of studies 

addressing the regenerative ou tcome  on a functional level is a current topic in the 

field (Fleisch et al., 2011; Lenkowski & Raymond, 2014; Stenkamp, 2007) . 
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2 Aims of the study  

In contrast to mammals, zebrafish possess the remarkable ability to regenerate 

many tissues and organs including the neural retina. Upon injury, Müller glia become 

reactive and start to proliferate to produce retinal progenitor cells that migrate to the 

lesion site, differentiate and eventually replace the lost cells. This process has been 

extensively studied during the past decade. However, most studies focus on 

resto ration of the tissue architecture as endpoint of their analyses. Only a handful of 

studies investigated the recovery of retinal function after regeneration, which is 

indeed suggested to some extent. Nonetheless, in depth quantitative studies of 

degree and kinetics of the functional regeneration are currently lacking.  

Therefore, this thesis aims to establish a toolbox to study retinal function in adult 

zebrafish ( Figure 7). The established methods shall be employed to investigate the 

functional recovery in the context of different retinal lesion models with additional 

focus on the correlation to underlying morphological processes. To achieve this, the 

following objective s have been experimentally addressed:  

(1) Establishment and functional testing of different quantifiable behavioral assays 

to study visual function in adult zebrafish.  

(2) Analysis of visual impairment as well as the time frame and extent of visual 

function after  light - and neurotoxin -mediated retinal lesion.  

(3) Assessment of the correlation between morphological and functional recovery 

using different imaging techniques in combination with behavioral assays.  

(4) Establishment of large -scale electrophysiological recordings from the adult 

zebrafish retina.  

(5) Translation of developed toolbox for the analysis of retinal morphology and 

function to the visually -impaired atoh7 mutant.  
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Figure 7: Generation of a toolbox to analyze functional recovery in zebrafish retina regeneration . 

The correlation of morphological and functional recovery upon retinal lesion is only poorly 

understood. In this thesis, different retinal lesion models as well as a visual mutant shall be 

characterized using a com bination of imaging techniques and functional assays including 

electrophysiology and behavior.   
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3 Materials and methods  

3.1 Materials  

3.1.1 Technical equipment  

Table 1: List of technical equipment.  

equipment  manufacturer  

anchor for CMOS  3Brain  AG 

arena for d ark-light  preference test  custom -made  

arena for shoaling behavior  custom -made  

arena for social preference test  custom -made  

AxioCam MRC Zeiss AG 

BD Microlance ɞ 3 30 G ½ɅɅ Beckton Dickinson  

DLP Projektor DAZHHZL Optoma  

DP80 camera  Olympus  K.K. 

drum for OKR  
white PVC pipe segment, height: 

6.9cm, diameter: 10cm  

EG1160 Embedding Center  Leica Camera AG 

ES43 RG 850 filter 
Heliopan Lichtfilter -Technik Summer 

GmbH and Co KG 

EXFO X-Cite 120W metal halide 

lamp  
EXFO Photonic Solutions  

fluorescent lamp  Olympus  K.K. 

GenICam [Basler acA1300-60]  Basler AG 

HD-MEA Arena chip  3Brain  AG 

HD-MEA BioCAM DupleX 3Brain  AG 

HM 650 Kryostat  Microm  

LightCycler® 480  Roche Diagnostics  

Mastercycler PCR machine  Eppendorf  SE 

Microliterɞ #75 syringe Hamilton  

nitrocellulose membrane  provided by 3Brain  AG 

objective , 111.8ɉ F1.6/4.4-11 mm  Kowa Optimed Deutschland GmbH  

OCT system custom -built, Koch Lab, TU Dresden  

OKR holder  custom -built  

peristaltic pump, PPS2  Multichannel systems  

stereomicroscope SZX16/MVX10 Olympus K.K. 

STP 42 Paraffin-Infiltration -

Processor  
Zeiss AG 

swan neck lamp, KL 1500 LCD Olympus K.K. 

thermocycler  Eppendorf comfort  
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thermomixer  Eppendorf comfort  

VisioTracker  TSE Systems GmbH 

ZebraCube  ViewPoint Behavior Technology  

Axio Imager.Z1 with Apotome.2  Zeiss AG 

 

3.1.2 Transgenic fish lines  

Table 2: List of used transgenic fish lines.  

fish line  reference  

Tg(lakth241) (Kelsh et al., 1996) 

Tg(fli:EGFP) (Lawson & Weinstein, 2002)  

Tg(mbp:EGFP) (Almeida et al., 2011)  

 

3.1.3 Kits 

Table 3: List of used kits  

kit  purpose  supplier  

ApopTag® Red In situ  

Apoptosis Detection Kit  
cell death detection  Merck Millipore  

GeneJET Plasmid Miniprep Kit  plasmid preparation  
Thermo Fisher 

Scientific  

NucleoSpin® Gel and PCR 

Clean-up  

DNA purification from 

gel 
Machery -Nagel 

pCRII-topo kit  topo cloning  Invitrogen  

SuperScript® II Reverse  

Transcriptase, First Strand  

cDNA Synthesis 

cDNA synthesis  Invitrogen  

Total RNA Purification Kit  RNA isolation  Norgen Biotek  

Transcriptor First Strand cDNA 
Synthesis Kit 

cDNA transcription  Roche 

TSA Plus Cy3/Cy5 kit fluorescent ISH  Perkin -Elmer 

 

3.1.4 Buffers and reagents  

All chemicals were  purchased from Applichem, Merck, Roth, Thermo Fisher 

Scientific or Sigma -Aldrich if not indicated otherwise.  
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Table 4: List of used buffers and reagents.  

buffer/reagent  composition and preparation  

10x salt  195 mM NaCl, 89 mM Tris -HCl, 11 mM Trizma Base, 

50 mM NaH 2PO4H2O, 50 mM EDTA 

2 % agarose gel 2 g agarose in 100 ml 1x TAE buffer, add 1 Ǉl ethidium 

bromide after dissolving in microwave  

2 % DIG-blocking 

reagent  

2 % Digoxigenin Blocking Reagent in MABT  

20x SSC 

 

SSC: 3 M NaCl, 0.3 M Na3Citrate2xH 2O, adjust to pH 

6.0 with 1 M citric acid  

SSCT: add 0.01 % Tween-20 (w/v) to 1x SSC 

4 % PFA dilu te 16 % Formaldehyde solution (Thermo Scientific) 

with 0.1 M phosphate buffer  

50x TAE buffer  242 g Trizma base, 57.1 ml acetic acid, 100 ml 0.5 M 

EDTA, 1 l water (pH 8.5) 

AMES buffer  1.9 g NaHCO3, 8.8 g powder AMES medium (US 

Biological Life Sciences), 120 µl CaCl (1M), fill up to 1 l 

with DEPC H2O, sterile filter  

DEPC H2O 1 ml diethylpyrocarbonate in 1l H 2O, autoclave  

E3 medium  5 mM NaCl, 0.17 mM KaCl, 0.33 mM CaCl2 x H2O, 0.33 

mM MgSO4 x 7 H2O, 0.0002 % methylene blue (pH 6.5)  

EcoR147I FD 

restriction enzyme  

Thermo Scientific  

gelatin/sucrose 

buffer  

7.5 g gelatin, 20 g sucrose, fill up to 100 ml with 0.1 M 

phosphate buffer  

Hyaluronidase  Sigma 

hybridization buffer  Hyb -: 50 % deionized formamide, 1x salt, 10 % 

dextran sulphate, 1x Denhardts, mix in this order to 

dissolve  

Hyb+: add 0.5 mg torula yeast RNA and 50 Ǉg heparin 

to Hyb - buffer  

maleic acid buffer 

(MAB)/MABT 

MAB: 100 mM maleic acid, 150 mM NaCl, adjust to pH 

7.5 with NaOH pellet s, sterile filter  

MABT: add 0.1 % Tween-20 (w/v) to 1x MAB  

MS222 2 g Ethyl 3 aminobenzoate methansulfate salt, 5 g 

Na2HPO4xH2O, 500 ml water  

NMDA Sigma 

Ouabain 

octahydrate  

Sigma 

PBS/ PBST/ PBSTx PBS: 1.7 mM KH2PO4, 5.2 mM Na 2HPO4, 150 mM NaCl  

PBST: add 0.1 % Tween-20 (w/v) to 1x PBS 

PBSTx: add 0.3 % Triton-X (w/v) to 1x PBS 
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phosphate buffer  0.1 M: 100 ml 1M Na 2HPO4x2H2O, 400 ml 1 M 

NaH2PO4x2H2O, fill up to 5 l with DEPC -H2O, adjust to 

pH 7.4, sterile filter  

poly-L-Lysine Advanced biomatrix  

Sodium cit rate 

buffer  

10 mM: 2.94 g sodium citrate (2x H 2O) in 1 l water, 

adjust to pH 6.0 with acetic acid  

sucrose/EDTA 

buffer  

20 % sucrose w/v, 372.24 g Tritriplex III (0.5 M EDTA), 

fill up to 2 l with 0.1 M phosphate buffer, sterile filter  

tissue lysis buffer  1 M Tris-HCl (pH 8-8.5), 5 M NaCl, 10 % SDS, 0.5 M 

EDTA (pH 8.0), 10 mg/ml proteinase K  

Tris-HCl buffer  50 mM Trizma Base in H 2O, adjust to pH 7.5 or pH 8 -

8.5 with HCl  

tyramid solution  amplification buffer, 1:500 tyramid Cy3  

washing solution for 

ISH 

15 ml 10x SSC, 150 ml formamide, fill up to 300 ml 

with DEPC-H2O 

 

3.1.5 Antibodies  

Table 5: List of used primary antibodies.  

antibody  catalogue 

number, 

company  

species dilution  reference  

anti -

Calretinin  
7699/4, Swant  rabbit  1:5000 (García-Crespo & 

Vecino, 2004) 

anti -gnat2  PM075, MBL rabbit  1:2000 (Brockerhoff et al., 

2003) 

anti -

HuC/D 

A21271, 

Invitrogen  

mouse 

(IgG2B) 
1:200 (Weber et al., 2013)  

anti -PKCƼ 
SC-208, Santa-

Cruz 
rabbit  1:500 (Weber et al., 2013)  

anti -zpr3  ZFIN/ZIRC mouse  1:200 (Song et al., 2020) 

anti -zrf1 

(GFAP) 
ZFIN/ZIRC 

mouse 

(IgG1) 
1:200 (Fausett & Goldman, 

2006) 

 

Table 6: List of used secondary antibodies.  

antibody  fluorophore  dilution  company  

anti -mouse IgG1  AlexaFluor 555  1:750 Invitrogen  

anti -mouse IgG2b  AlexaFluor 488  1:750 Invitrogen  

anti -rabbit  
AlexaFluor 488  

AlexaFluor 635  

1:750 

1:750 
Invitrogen  
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3.1.6 In situ hybridization probes  

Table 7: List of used probes for in situ  hybridization.  

gene used primers  

islet2b for: 5Ʌ- GAG CGG GAT ACA AGG CTA CC -3Ʌ 

rev: 5Ʌ- CAG CGG AAG CAT TCG ATG TG -3Ʌ 

3.1.7 PCR and qPCR primers 

All primers and qPCR primers were ordered at Eurofins.  

Table 8: List of used PCR primers.  

sequence  TƼ (°C) amplified region  

for: 5Ʌ-CCG GAA TTA CAT CCC AAG AAC-3Ʌ 

rev: 5Ʌ-GTG TAT GAT ATT CAG CTC TCG ACT-3Ʌ 

55 

55 

777 bp in exon  1 of the  

atoh7 gene 

 

Table 9: List of used qPCR primers.  

name  sequence  

islet2b for: 5Ʌ- TAT GGG GGA TCA TTC CAA AAA GAA -3Ʌ 

rev: 5Ʌ- GTC GTG GAT CTG ACT GCC G -3Ʌ 

actb for: 5Ʌ-CGA GCA GGA GAT GGG AAC C-3Ʌ 

rev: 5Ʌ-CAA CGG AAA CGC TCA TTG C-3Ʌ 

 

3.2 Methods  

3.2.1 Ethics statement  

All animal experiments were conducted in accordance with the German animal 

welfare legislation. Protocols were approved by the Institutional Animal Welfare 

Officer (Tierschutzbeauftragte(r)) and l icensed by the regional Ethical Commission for 

Animal Experimentation ( Landesdirektion Sachsen, Germany; license no. DD24 -

5131/346/11, DD24 -5131/346/12 , TVV 59/2018, AV A 2/2022, TVV 21/2018, TV 1/2019 ). 

All efforts have been made to minimize animal suffer ing and the number of animals 

used. 

3.2.2 Fish maintenance  

Fish were kept under standard conditions and maintained at 26  °C on a 14 h light, 

10 h dark cycle as previously described (Brand et al., 200 2). Wildtype fish were from 

the AB genetic background and between 6 and 16  months of age. All transgenic fish 

lines used i n this study are listed in 3.1.2. Both female and male fish were used in 

equal ratios in all behavioral experiments. No gender difference was observed in any 

of these experiments. To keep track of individual fish during the course of the 
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experiments, pairs of fish (one female, one male) were kept together in separate 

cages. Behavioral experiments were performed during the light cycle at the same time 

of the day for each individual test to eliminate any interference of the cir cadian clock.  

3.2.3 Raising of atoh7 mutants  

Heterozygous Tg(lakth241) fish (herein named atoh7+/-) were crossed and the resulting 

offspring was incubated in E3 medium at 28 °C. At 6 days post fertilization (dpf ), larvae 

were sorted according to their pigmentation (dark or light) (Kay et al., 2001, Figure 40). 

As mutant atoh7 larvae are blind, they fail to perform successful background 

adaptation and appear darker as their wildtyp e or heterozygous siblings if illuminated 

with a lamp. Larvae with dark or light phenotype, respectively, were raised separately 

albeit under comparable conditions. About 50 larvae were put into a beaker with 

100 ml E3 and 100 ml paramecia solution. The wa ter was partly exchanged every 

other day and fresh paramecia were added. Excess amounts of food were critical 

throughout the first months. After 14 days, larvae were additionally fed with artemia 

and water quality was carefully controlled.  Only after 3 mon ths, fish were  connected 

to the recirculating system with automatic water exchange and fed with dry food and 

artemia.  

3.2.4 Genotyping of atoh7 mutants  

A modified PCR strategy was used to genotype atoh7 fish  (Kay et al., 2001). In brief, 

fish were anaesthetized with 0.024  % MS-222 until unresponsive to touch. Single fish 

were transfe rred onto a clean petri dish and a small section of the caudal fin was 

dissected with a scalpel. The dissected tissue was transferred into a tube and fish were 

kept separated until their genotype was determined. For DNA isolation, 100 µl NaOH 

(50 mM) was added to each fin sample and incubated at 95 °C for 15 min before being 

cooled down for 10 min on ice. Then, 10 µl of Tris -HCl (1M, pH 8.0) were added and 

the samples were centrifuged for 5 min at 12000 rpm to pellet debris. Genomic D NA 

was stored at 8 °C. PCR was performed using primers that amplified a region in the 

exon of the atoh7 gene flanking  the mutation site. In brief, 1 µl genomic DNA was 

added to a 12.5 µl DreamTaq GreenPCR master mix (Thermo Scientific). Subsequently, 

the PCR was run according to  the following protocol: p olymerase activation (5 min, 

94 °C), followed by 30 cycles of denaturation (30 s each) at 94 °C ɀ 30 sec of annealing 

at 53 °C ɀ 45 sec of extension at 72 °C, and 5 min final extension at 72 °C be fore cooling 

to 8 °C. The generate d PCR product (total length 777 bp) harbors a StuI restriction site 

(isoschizomeric to Eco147I) that is destr oyed by the point mutation. Hence, 0.5  Ǉl 

EcoR147I restriction enzyme (Fast Digest, Thermo Scientific) were added to 6 µl PCR 

sample and incubated for 30 min at 37 °C. After the digest, samples were run on a 2  % 
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agarose gel for 30 -40 min at 120 V . Wildtype fish were characterized by two distinct 

bands (593 bp and 184 bp), heterozygous atoh7 fish by three bands (777 bp, 593 bp 

and 184 bp) and homozygo us atoh7 fish by one band (777 bp) ( Figure 38). To confirm 

the genotyping strategy, bands were cut from the gel with a scalpel and DNA was 

purified using the Nucleospi nɞ Gel and PCR Clean-up Kit (Machery -Nagel) and sent 

for sequencin g (Eurofins Genomics) ( Figure 38). 

3.2.5 Retinal lesion s 

3.2.5.1 Light lesion  

Light lesions were performed as described previously (Weber et al., 2013; diffuse 

light lesion) . In brief, fish were dark -adapted for 48  h prior to lesion to ensure a 

maximum effect on the photoreceptor cells. During the lesion, a pair of freely 

swimming fish was exposed to ver y bright light (approx. 200.000 lux, EXFO X -Cite 

120 W metal halide lamp) for 30  min. This results in a specific and highly reproducible 

ablation of photoreceptors. More specifically, all rods and cones are ablated in the 

central part of the retina whereas  mostly UV and blue cones are lost in more 

peripheral regions leaving all other photoreceptor cell types intact. In the uppermost 

dorsal and ventral regions, all photoreceptors are largely unaffected by the lesion 

(Weber et al., 2013) . Subsequently, all fish were returned to the system for recovery 

under normal light conditions.  

3.2.5.2 Neurotoxin injection  

Intravitreal injections of neurotoxins were performed as described previously 

(Fimbel et al., 2007) . In brief, fish were anesthetized using 0.024 % MS -222 in fish water 

and positioned laterally onto a wet tissue under a stereomicroscope, covered with a 

wet tissue up to the gills leaving head and eye uncovered. A cannula (Microlance ɞ 3, 

30G x ½Ɉ, BD) was used to carefully make a small incision into the cornea at the side 

of the iris without damaging the underlying tissue. Next, 1 µl of injection solution 

(50/100 µM Ouabain in PBS/NaCl, 7.5/10/17.5/25/50 mM NMDA in NaCl, 25 µM 

Ouabain and 10 mM NMDA in NaCl, with 1 % Phenolred) was slowly injected into the 

vitreal space using a syringe with a blunt ended needle (Microliterɞ #75 syringe, 

Hamilton). Initial concentrations were chosen according to published protocols 

(Fimbel et al., 2007; Powell et al., 2016; Sherpa et al., 2008) . The injection site was 

sealed with histoacrylic glue (Braun) before the fish were placed in fresh fish water 

and returned to the system for recovery. For bilateral injections, the second eye was 

injected about 20 min after the first to avoid immediate damage to the first injection 

site. Fish subjected to behavioral assays always received bilat eral injections, whereas 
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for histology only one eye was injected with the neurotoxin while the other served as 

control (PBS or NaCl).  

3.2.6 Optical coherence tomography  

A custom -built spectr ometer -based optical coherence tomography ( OCT) setup 

(Figure 8) was used for non -invasive in vivo imaging of the adult zebrafish retina  

(Gaertner et al., 2014; Weber et al.,  2013). Here, a supercontinuum light source 

(SuperK Extreme, NKT Photonics) in combination with  a spectrometer with a center -

wavelength of 720  nm an d a bandwidth of 410  nm enable  an axial and lateral 

resolution of 1.3 and 7  µm in air, respectively. Yet,  overall optical power input was 

below energy levels causing any tissue damage or photo toxicity  effects during full 

measurements (<1  min per eye), ensuring animal welfare even in repeated 

measurements.  

 

Figure 8: Optical coherence  tomography allows in vivo  imaging of the adult zebrafish retina.  

(A) Scheme of the custom -built high resolution optical coherence tomography (OCT) setup  

(modified from Gaertner et al., 2014) . (B) Comparison of a retinal cross section stained with 

hematoxylin/eosin (HE) and a cross section obtained via OCT imaging revealed a high degree 

of similarity. With the exception of the rod outer segments (ROS) which can be recognized only 

in HE stained  samples at the top, all subsequent retinal layers can be seen in both, HE and 

OCT. In addition, small hyper -reflective structures were observed in the photoreceptor layer 

imaged with OCT that mark the intersection between cone inner and outer segments. A fundus 

projection calculated from the OCT data shows the cone mosaic pattern as well as the retinal 

blood vessels in the central part of the retina.  Abbreviations: BS ɀ beamsplitter; C ɀ collimator; 

GCL ɀ ganglion cell layer; INL ɀ inner nuclear layer; IPL  ɀ inner plexiform layer; COS ɀ cone 

outer segments OL ɀ adjustable focus lens; OLM ɀ outer limiting membrane; ONL ɀ outer 

nuclear layer; OPL ɀ outer plexiform layer; RL ɀ reflective lens ; RM ɀ reflective mirror; RNFL ɀ 

retinal nerve fiber layer; ROS ɀ rod  outer segments; RPE ɀ retinal pigment epithelium; SMF ɀ 

single-mode fiber; ZnSe ɀ zinc selenide glass. Scale bars represent 25 µM.  

In brief, laser light is guided to the scanner head via a single -mode fiber and 

transferred into a free beam by a collimator . The incoming light is separated into a 

reference beam and a sample beam by a beamsplitter. The sample light is deflected 
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by two galvanometer scanners to achieve a 2D scan pattern over the sample. The light 

is then reflected by a mirror and focused by an adjustable focus lens into the eye 

where it is scattered and reflected back in different tissue depth. The light of the 

reference beam is guided through a zinc selenide plate to match the length and 

dispersion of the reference beam path to the correspondin g values of the sample 

beam path including the fish eye. It is likewise focused by a lens and back reflected by 

a mirror. The light reflected back from the reference and sample beam are 

superimposed by the beam splitter and guided back to the OCT system wh ere the 

light is spectrally resolved by a diffraction grating and measured by a line scan sensor. 

After background correction, spectral shaping and resampling to equidistant points 

in wavenumber the depth dependent information is calculated using a Fast -Fourier 

Transformation (A -scan) (Köttig et al., 2012) . OCT recordings were performed as 

described previously (Weber et al., 2013) . In brief, fish were anaesthetized in 0.024% 

MS-222 in fish water before being transferred into a small petri dish with 0.024 ɀ0.04% 

MS-222. Fish were positioned with one eye facing upwards with their heads stabilized 

using a small piece of foam and covered with a cover slip. In order to image 

approximately the same retinal area during consecutive measu rements, fish were 

consistently oriented to align the fast -scanning axis along the dorsal -ventral axis of 

the eye and the slow -scanning axis with the anterior -posterior axis of the eye. An 

adjustable focus unit allowed to focus specifically onto the photor eceptor layer. 

Imaging speed was set to an A -scan rate of 12.8  kHz, which corresponds to 15 cross 

sectional scans per second with 800 axial scans per cross section. Finally, a three -

dimensional imag e stack consisting of 800 cross sections was recorded from  the eye 

background of each animal with an image field of 0.7 × 0.7  mm 2. After measurements, 

fish were transferred back into their respective cages to recover from anesthesia. For 

ex vivo recordings, retinae were e xplanted as described in 3.2.9.3 and imaged on a 

cover slip in AMES buffer with adjusted optics. Due to the curvature of the retina, OCT 

also uses a fan -shaped scan for image acquisition. The coordinates ca n be 

transformed with a MatLab script so that a planar representation of the mosaic 

structures can be recalculated from the fan -shaped OCT images. The retinal 

structures were then visualized using Fiji (Schindelin et al., 2012).  

3.2.7 Behavioral assays  

3.2.7.1 Dark-light preference test  

A custom -made arena (Noldus Information Technology) was used to assess the 

dark -light preference behavior of adult ze brafish ( Figure 11). The arena is divided into 

ten individual compartments (10 × 20  cm) with one half made from black and the 

other from clear plastic. The whole arena is transparent to infrared light. The wall s of 
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the clear part of the arena are covered with white foil preventing that fish interact 

with their conspecifics. To ensure reproducible light conditions for all experiments, 

the arena was placed inside the ZebraCube (ViewPoint Behavior Technology). For 

Ɉlight onɉ conditions, nine internal LED clusters generated a homogenous illumination 

with white light of 85 lux. In addition, the arena was homogenously illuminated via the 

inbuilt infrared light source at the bottom of the ZebraCube. Fish were recorded u sing 

the acA1300-60 NϥR camera (Basler AG) equipped with an 111.8ɑ F1.6/4.4ɀ11 mm 

objective (Kowa Optimed Deutschland GmbH) and an ES43 RG 850 infrared filter 

(Heliopan Lichtfilter -Technik Summer GmbH and Co KG) placed above the arena. For 

all experiments,  each compartment of the arena was filled with fresh system water 

and occupied with one test animal. Subsequently, individual fish in the ten 

compartments were recorded for 10  min simultaneously after an acquaintance 

period of 5  min. Recordings in the dark  were performed prior to the actual 

examination of the dark -light preference behavior to exclude an inherent preference 

of the animal to either part of the compartment independent of the illumination. All 

recordings were performed between 9 and 12 am with feedings taking place 1  h prior 

to the experiment. Recordings and subsequent analyses were performed using the 

EthoVision ® XT software (Noldus Information Technology, version 11.5). Parameters 

of interest comprised: time spent in light zone (in %), distanc e moved (in cm) and 

velocity (in cm/s). In addition, heat maps representing the average location of the fish 

were generated.  

Some recordings of unlesioned and lesioned fish (light lesion ed, Ouabain -injected) 

were performed by Sarah Yousuf (Master student, AG Brand). 

3.2.7.2 Social preference test  

A customized T -shaped arena was used to analyze vision -dependent recognition of 

conspecifics making use of the zebrafish inherent preference to socialize (Engeszer et 

al., 2004; Orger & De Polavieja, 2017; Suriyampola et al., 2016) . A group of eight fish 

with an equal sex ratio was placed into the lower arm of the arena serving as social 

stimulus while a test fish was put i nto the separated upper arm (10  × 50 cm = 500 cm2) 

(Figure 12). The walls of the box are opaque except for a small window at the 

intersection between the upper and l ower arm. A rectangular zone (5  × 9 cm = 45 cm2) 

directly in front of the window was defined as social zone. The same illumination and 

recording setup described for the dark -light preference test was used (see 4.1.1). Fish 

were allowed to get acquainted within the arena for 2  min, followed by 5  min 

recordings. Afterwards all fish were returned to the system. All recordings were 

performed between 9 and 12 am with fish fed at least 1  h prior to the experiment. For 

the regeneration studies, fish were preselected according  to their social preference 
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(Figure 13). The time spent in the social zone was calculated using the EthoVision ® XT 

software (Noldus Information Technology, version 11.5). Moreover, distance moved 

(in cm), velocity (in cm/s) and frequency of entering the social zone as well as heat 

maps representing the average location of the fish were analyzed.  

Some recordings of unlesioned and lesioned fish (light lesion ed, Ouabain -injected) 

were performed by Sarah Yousuf (Master student, AG Brand).  

3.2.7.3 Optokinetic response test  

A modified commercial system (VisioTracker, TSE Systems GmbH) was employed 

to generate the stimulus and to measure the optokinetic response (OKR) of adult 

zebrafish as previously described (Mueller et al., 2011; Mueller & Neuhauss, 2010) . 

Prior to the measurements, fish were briefly anaesthetized in 0.024% MS -222. 

Subsequently, fish were immobilized in a customized holder  (Figure 14). For this, the 

anaesthetized fish was carefully placed on a foam -covered piece of Styrofoam and 

covered up with a thin layer of foam that was fixed with pins positioned carefully 

around the fish. The head and gills remained uncovered to ensure proper breathing. 

Fish were then placed in a tank filled with system water. The fish were surrounded by 

a white drum (Ø 10  cm) on which a moving stimulus generated by the TSE software 

was projected. Different parameters of the  stimulus like contrast (in %) , spatial 

frequen cy (in cycles per degree (cpd)), angular velocity (in degrees per second (dps)) 

and color can be controlled using the provided software.  

 Prior to the recordings, each fish was presented a training -stimulus (100 %, black -

white, 0.2  cpd, 15 dps) for up to 5  min to ens ure that effects of the anesthesia had 

subsided and reliable tracking results could be achieved. Then, fish were presented 

different stimuli twice, generally going from difficult to easy followed by the reverse 

order. For the two -level vision test, the sti muli were presented in the following order: 

0.4 to 0.3 to 0.2  cpd and reverse at 100 % contrast, followed by the same order at 30 

and 10 % contrast , respectively . The colors for the second level were presented in the 

order red -blue -green and then in revers e, in three installments of varying 

backgrounds starting with backgrounds of equal brightness for each color (90 % 

white -green, 60 % white -blue, 20 % white -red), followed by backgrounds with the 

highest contrast for each color (red -white, blue -white, green -black) and finally colored 

backgrounds (red -blue, red -green, green -blue). In total, the duration of the vision test 

added up to about 13  min for each fish. After the recordings, fish were freed from the 

holder, carefully placed into fresh system wat er and  returned to the system. The 

recordings were automatically processed and analyzed in real time, inferring angular 

changes from eye orientation in relation to a horizontal axis to calculate eye velocity. 

To obtain the velocity of the tracking phase, segment s of rapid movements for eye 
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readjustments (saccades) were automatically filtered from raw measurements. 

Further analysis was conducted with custom made R scripts (written by Paul 

Röppenack, Master student , AG Brand) based on processed data to calculate th e 

average gain (tracking phase velocity to stimulus velocity) for each tested condition.  

The recordings of unlesioned and light -lesioned fish were performed by Paul 

Röppenack (Master student, AG Brand).  

3.2.7.4 Shoaling behavior  

An arena has been customized to all ow the recording of several fish ensuring 

homogenous illumination, high contrast and sufficient resolution which are critical 

parameters for t he subsequent analysis ( Figure 9) (Pérez-Escudero et al., 2014) . A 

group of six fish with equal sex ratios was  put into the recording arena that is 

composed of a translucent arena with an additional inner border (40 x 50 x 5 cm) filled 

with fish water to a height of 4.5 cm. The fish were recorded from top using an the 

acA1300-60 NIR camera (Basler AG) equipped wit h an 111.8ɑ F1.6/4.4ɀ11 mm 

objective (Kowa Optimed Deutschland GmbH) for 25 min after an acquaintance 

period of 5 min. The arena is illuminated by a luminescent tube placed 2.5 m above 

the arena. Sheets of white paper placed beneath the arena and above the  camera as 

well as a white curtain positioned around the arena minimize d shadows and ensure d 

a homogenous illumination. The trajectories of the individual fish from each group 

were generated using the idTracker software (Pérez-Escudero et al., 2014) . For the 

tracking, an intensity threshold of 0.55 and a minimum size of 250  pixels were 

identified to lead to highest tracking efficiencies (usually above 97 %). The trajectories 

were the loaded into the MATLAB -based toolbox idSocial that allows the analysis of 

social interactions (Hinz & De Polavieja, 2017) . Besides the trajectories, analyzed 

parameters included speed, interindividual distance and mean group size. In addition, 

polar maps were generated that allow the characterization of shoa ling. In these polar 

maps, the focal fish is at the center of the coordinate and the probability of  speeding 

up or slowing down when another animal is in front or behind the focal (polar 

acceleration maps), turning when another fish is in different positio ns in space (polar 

turning map) or finding a second fish in space (polar position map) is indicated using 

a colorscale (Hinz & De Polavieja, 2017) . 
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Figure 9: The shoaling behavior of fish can be recorded using a customized arena.  

Schematic representation of the shoaling arena. The swimming space is a double -walled 

translucent arena (40 x 50 x 5 cm) that is filled with fresh fish water (4.5 cm  water height). It is 

positioned on white paper and covered with white curtains and a white paper cover to 

minimize shadows that would interfere with the analysis. The arena is illuminated with a large 

luminescent tube positioned on the ceiling of the room  and the shoal is recorded using a di gital 

camera . 

3.2.8 Multielectrode array  recordings  

3.2.8.1 Setup and recording preparations  

All experiments were performed using the BioCAM DupleX platform (3Brain  AG) 

during a 4 -week demonstration. It is based on the CorePlate ɞ technology that allows 

the recording of high -density electroph ysiological data at 20 kHz . Recording from 

retinal tissue requires constant oxygenation and sufficient supply with salts and 

nut rients. Therefore, the tissue was  constantly perfused with oxygenated  AMES 

medium using a peristaltic perfusion system (PPS2; multichannel systems) with a flow 

rate of 2 ml/sec and a suction rate of 120 %. The AMES medium was prepared freshly 

for each recording day according to the following protocol. First, 1.9 g NaHCO 3 were 

mixed with 700 ml DEPC H 2O in a 1 l flask and bubbled with carbogen gas (95 % O 2, 

5 % CO2) for 5 min. Once the NaHCO 3 had fully dissolved, 8.8 g powdered AMES 

medium (US Biological Life Sciences) were added and bubbled for another 5 min. The 

volume was filled up to 1 l before 120 µl 1 M CaCl were added. The buffer was sterile 

filtered and kept in a 28 °C water bath with cons tant bubbling with carbogen. Aliquots 

of 50 mg Hyaluronidase (Sigma) were prepared and dissolved in 1 ml AMES buffer 

immediately before usage. Aliquots were kept on ice between individual preparations 

and re -used two to three times. All recordings were obt ained from a HD -MEA Arena 

chip (3Brain  AG) that contains 4,096 electrodes in a 64 x 64 grid with an electrode size 
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of 21 x 21 µm and an electrode pitch of 42 µm. Prior to the recordings, the chip was 

incubated with Poly -L-Lysine (Advanced biomatrix) for 1h  at 37 °C to optimize contact 

between chip and tissue. Afterwards, the chip was briefly incubated with 70 % EtOH 

for 30 sec before being rinsed twice and covered with fresh AMES until usage.  

3.2.8.2 Tissue preparation  

Animals were dark -adapted at least 2 h before the recordings and all dissection 

steps were performed under a stereomicroscope in complete darkness with a dim 

swan neck lamp (Olympus KL 1500 LCD) equipped with a red filte r as only light source. 

Figure 10 shows the whole dissection including mounting of retinal tissue onto the 

chip. Briefly, fish were sacrificed using 0.2 % MS -222 and placed into a dish covered 

with tissue. Both eyes were removed and opened up at the  side of the cornea using a 

30 G cannula. From this incision, the anterior part of the eye was cut off using fine 

scissors and the eyes were incubated in oxygenated AMES medium for at least 30 min. 

Next, one eye was carefully transferred into the Hyaluroni dase solution using a 

Pasteur pipette and incubated for 30 sec. After removal of the lens and optic nerve 

residuals in fresh AMES, the eye was incubated for another 30 sec in Hyaluronidase. 

From now on, all steps were performed in oxygenated AMES buffer. T he retina was 

removed from the eyeball by carefully sliding tweezers between retina and choroid 

trying to remove as much pigmented epithelium during this step as well. The most 

critical step is the removal of vitreous by carefully grabbing fibers around th e optic 

nerve entry site and carefully peeling the vitreous off. If most of the vitreous is 

removed, the retina flattens out. The retina is cut from the side three to four times 

and put onto a piece of Whatman paper  (Merck ) with the ganglion cells facing d own 

and lifted shortly out of the buffer and back into the dish to support flattening of the 

tissue. The retina was carefully removed from the membrane using a very fine hair 

attached to a pipette tip and transferred onto the chip with the ganglion cells facing 

towards the electrodes. Ideally, t he whole dissection process should be completed 

within five to seven minutes.  Next, all liquid was removed from the chip and the retina 

was positioned onto the working area of the chip. Finally, the retina was covere d with 

a small piece of nitrocellulose membrane and a metal anchor (both 3Brain  AG) was 

put on top to secure the retina on the chip and ensure optimal contact. The chip was 

slowly filled with fresh AMES, mounted and locked into the BioCAM DupleX and 

connec ted to perfusion. The procedure of transferring the retina onto the chip should 

be performed within 60 seconds to minimize stress for the tissue . 
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Figure 10: Optimal recording conditions are ensured by careful preparation of retina and chip.  

Schematic representation (A) and representative images (B -T) of the preparation of retinal 

explants for multielectrode array  recordings. The carefully removed eyeball is opened before 

the first Hyaluronidase treatment (B -F). Subsequently, lens and residual optic nerve tissue are 

removed (G), followed by a second treatment with Hyaluronidase. Afterwards, flatmounts are 

prepared and the vitreous is removed mechanically (H -J) before the tissue (red dashed line) is 

transferred onto a pre -coated  chip (K-N) and fixed in position using a nitrocellulose membrane 

and an anchor (O -S). Finally, the chip is inserted into the BioCAM Duplex and perfusion with 

oxygenated AMES buffer is started immediately (T). Scale bars represent 250 µm.  
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3.2.8.3 Recordings and li ght stimulation  

Data was recorded using the BrainWave4 software (3Brain  AG, version 4.3). 

Typically, first spiking activity could be observed within a few minutes and over time 

more electrodes showed spiking activity. If none or only a few electrodes were actively 

spiking, all liquid was removed from the chip again and the tissue was carefully 

pressed onto the chip to enhance contact. Recordings were started after 15 ɀ 30 min 

and spikes could be observed  for  up to 3 hours. Usually, three minutes were record ed 

per condition. During the recordings, the room was completely dark with a red 

headlamp as only light source. Spiking activity that was observed without any 

stimulation can be referred to as spontaneous activity. To assess the ability of the 

retina to re act to light, a light stimulation paradigm was generated using the 

gears.vision software. The stimulus consisted of 20 repetit ions of 1 sec light (7 lux) ɀ 

1 sec dark flashes and was projected onto the retina using a projector (DLP Projektor, 

DAZHHZL, Optoma) placed on top of the recording setup.  

3.2.8.4 Data analysis  

Data analysis was performed using the BrainWave4 software (3Brain  AG, version 

4.5). First, a spike detection was performed to separate spikes from background noise. 

Next, spike sorting was performed to distinguish between spikes that were recorded 

by one electrode (channel) but were generated by different cells. Lastly, a burst 

detection was performed. All settings for the analyses are summarized in  Table 10-

12. Afterwards, mean firing rate (number of spikes per second), mean peak amplitude 

(spike amplitude in µV), mean peak to peak amplitude (amplitude change between 

peak and trough in µV), mean bursting rate (nu mber of bursts per min), mean burst 

duration (in ms) and mean percentage in spikes in bursts were calculated. Only units 

(actively spiking cells after spike detection and sorting) that displayed a mean firing 

rate above 0.5 spikes per second were considere d for analysis.  

Table 10: Settings for spike detection.  

type  settings  

channel validation settings  uncheck discard noisy channels  

spike detection settings  algorithm: precise time spike detection  

standard deviation factor: 8.5  

peak lifetime period: 2 ms  

refractory period: 1 ms  

spike assignment: higher peak  
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Table 11: Settings for spike sorting.  

type  settings  

waveform extraction settings  pre -event: 1 ms  

post -event: 1.5 ms  

spike sorting settings  pre -event: 0.5 ms  

post -event: 1 ms  

feature extraction: PCA  

feature selection: PCA1, PCA2, PCA3 

clustering method: k -means & PBM -index  

clustering method settings  min # spikes per cluster: 18  

max # of clusters: 5  

discard outliers, threshold 2  

 

Table 12: Settings for burst detection.  

type  settings  

burst detection settings  max spike interval: 50 ms  

min number of spikes: 5  

 

For the analysis of light -driven activity, a customized Python -script was used 

(provided Dr. Matteo Falappa, 3Brain  AG). The parameters used here are summarized 

in Table 13. The output of the script included the number of light -responsive units 

(clustered in ON, OFF and ON-OFF cells) and their respective location on the chip as 

well as delay times (time in sec that is required for the cells to respond to the stimulus) 

and firing rate of the response.  

Table 13: Settings for detection of light driven activity.  

parameter  values 

bin size average firing rate  0.25 

bin size stimulation period  0.02 

time between stimuli  1 

triggers for period  1 

stimulation duration  2 

duty cycle  50 % 

STD (standard deviation)  2 

threshold  2200 

 

In total, recordings from eight retinae could be realized during the demonstration 

albeit under slightly varying conditions. Although the analyses of the different 



 

42 

 

recordings displayed comparab le results, only one recording wa s considered 

representatively in this study.  

3.2.9 Tissue collection and histology  

3.2.9.1 Histological stainings on sections  

Fish were sacrificed using 0.2 % MS -222 before the corneas were carefully opened 

to allow better penetration of the fixative. Subsequently, heads were excised and fixed 

in 4 % paraformaldehyde (PFA) in 0.1  M Phosphate buffer (pH 7.5) overnight at 4 °C. 

For decalcification, heads were incubated in 0.5  M EDTA in 0.1 M Phosphate buffer for 

3ɀ4 days with daily exchange of the solution. Afterwards, heads were washed with 

ddH 2O before being processed in a Paraffin -Infiltration -Processor (STP 420, Zeiss) 

according to the following protocol: ddH 20: 1 min; 50% Ethanol (EtOH) 5  min; 70 % 

EtOH 10 min; 96 % EtOH 25 min; 96 % EtOH 2 × 20 min; 100 % EtOH 2 × 20 min; Xylene 

2 × 20 min; paraf fin 3 × 40  min/60°C; paraffin 60  min/60 °C. The heads were 

embedded using the EG1160 Embedding Center (Leica). Semi -thin sections (2  µm) 

were cut using an Ultracut microtome and counterstained using hematoxylin/eosin 

(HE, Sigma). Paraffin embedding, sectio ning and staining was performed by the CMCB 

Histology Facility. Imaging was performed using the ZEISS Axio Imager. Z1 provided 

by the CMCB Light Microscopy Facility and images were processed using Fiji.  

3.2.9.2 Immunohistochemistry on sections  

For retinal section s, fish were sacrificed as describ ed above. Afterwards the 

corneas  were opened and the lenses removed before the skull s were opened 

carefully. Entire heads were fixed in 4 % PFA overnight at 4 °C and subsequently  

incubated  in EDTA/Sucrose buffer at 4  °C for 24 h. Finally, heads were embedded in 

7.5 % Gelatine/20 % Sucrose in 0.1 M Phosphate buffer and stored at - 80 °C. Heads 

were cut into 14 µm sections (series of 4) using a HM 650 Kryostat (Microm) and 

collected on glass slides (SuperFrost Plus, Ther mo Fisher Scientific). Slides were stored 

at - 20°C until further usage.  

Prior to immunohistochemical stainings, sections were dried at 55 °C for 2 h and 

washed 1 x 10 min in PBS and 2 x 10 min with PBSTx at RT. For HuC/D stainings an 

antigen retrieval was  performed by incubating the slides for 5 min in 50 mM Tris HCl 

pH 8.0 at 99 °C before cooling them down to RT and washing 2 x 10 min in PBSTx. 

Primary antibodies  (see Table 5) were diluted in PBSTx and incubated overnight in a 

humidified chamber at 4 °C. Afterwards, sections were washed for 3 x 10 min in PBSTx 

before incubation with the secondary antibody (see  Table 6) diluted in PBSTx for 2 h 

in the dark at RT in a humidified staining chamber. Sections were washed for 10 min 

with PBSTx and incubated with DAPI (Thermo Scientific , 1:1000 - 5000) in PBSTx for 
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3 min at RT to counterst ain cell nuclei. After final washing in PBSTx, slides were 

mounted with 70 % Glycerol and stored at 4 °C.  

TUNEL assay for cell death detection 

TUNEL assays were performed using the ApopTag® Red In situ Apoptosis 

Detection kit according to the manufacturerɅs instructions. In every experimental 

series, positive (digestion with DNaseI (Thermo Scientific) in 50 mM Tris -HCl (pH 7.5) 

with 1 mg/ml BSA) and negative (omitting the TdT enzyme) control slides were 

included.  

3.2.9.3 Preparation of retinal flatmounts  

For reti nal flatmounts, fish were sacrificed as described above and eyes were 

removed. The corneas were opened and eyes were prefixed in 4 % PFA in 0.1 M 

Phosphate buffer for 30 min before the retinae were cleared of surrounding tissue. 

Retinae were cut from the s ide 3-4 times and fixed in 4 % PFA at  4 °C overnight. 

Flatmounts were mounted on slides in 70 % glycerol and stored at 4 °C.  

3.2.10 Image acquisition and processing  

Imaging was performed with the ZEISS Axio Imager.Z1 microscope equipped with 

an ApoTome.2 using a Plan-Apochromat with 10x/0.45, 20x/0.8 or 40x/0.95 objectives. 

Z-stacks were acquired with ZEN software (version 2.6, blue edition). Brightfield 

images of larvae and adult fish were acquired with a stereomicroscope using Olympus 

cellSens Dimension (version  1.14) imaging software. Images were processed using Fiji 

(ImageJ, version 1.52n) and Adobe Photoshop CS6. Figures were assembled using 

PANTONE Affinity Designer (version 1.10.4.1198).  

3.2.11 Analysis of gene expression  

3.2.11.1 RT-qPCR 

Retinae were dissected in ice -cold PBS, collected in tubes (3 retinae were pooled 

per sample) and immediately frozen in liquid ni trogen. Samples were stored at - 80 °C 

until further usage. RNA was extracted from lysed, homogenized tissue with the Total 

RNA Purification Kit (Norgen Biotek)  according to manufacturerɅs instructions and 

reprecipitated if necessary. Intact total RNA was reverse transcribed into cDNA using 

the Transcriptor First Strand cDNA Synthesis Kit (Roche) according to manufacturerɅs 

instructions with random primers. RT -qPCR was performed after addition of 

SybrGreen (Roche). Expression relative to ß -actin as normalization gene was 

calculated from Ct values according to the efficiency and delta delta Ct method. At 
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least three biological replicates were analyzed, which were eac h represented by the 

average normalized relative ratio of three technical replicates.  

3.2.11.2 In situ hybridization  

Sections for  in situ hybridizations  were prepared as described in 3.2.9.2. For 

generation of the islet2b probe, islet2b cDNA was amplified from tota l cDNA using 

specific primers ( Table 7), purified from the gel using the Nucleospin ɞ Gel and PCR 

Clean-up Kit and cloned into the pCRII -topo vector (Invitrogen) according to the 

manufacturerɅs instructions. The plasmid was transformed into competent E.coli 

XLblue2 and purified using the GeneJET Plasmid Miniprep Kit (Thermo Fisher 

Scientific). The antisense probe was transcribed with SP6 p olymerase using a DIG -

labeled NTP mix (Roche Diagnostics).  

The in situ hybridization was performed as described previously (de Oliveira -Carlos 

et al., 2013; Reifers et al., 1998) . In brief, sections were defrosted for 1 h at RT, 

incubated with 0.3 % H2O2 in MeOH for 30  min  to quench endogenous Peroxidases  

and washed with PBSTx for 2 x 10 min. The islet2b probe was diluted in Hyb+ buff er 

(1:100) and incubated for 10  min at 68 °C. Sections were incubated with 500 µl diluted 

probe  (1:200 in Hyb +) overnight at 60 °C in a waterbath . The next day, slides were 

washed with washing solution for 4 x 20 min at  60 °C before being incubated with 

MABT for 2 x 30 min at RT. For blocking of unspecific binding sites, sections were 

incubated with 500 Ǉl DϥG-blocking reagent for at least 1 h at RT and before adding 

anti -DIG-POD antibody (1:500) (Perkin -Elmer) at 4 °C overnight . Sections were washed 

in MABT 6 x 10 min at RT. Afterwards, the sections were incubated in  tyramid solution 

(Cy3) for 30 min . Finally, slides were washed 3 x 10 min with PBS and mounted with 

70 % glycerol. 

3.2.12 Quantification and statistical analysis  

For cell counts in the retina, 3 consecutive retinal sections rostrally of the optic 

nerve were considered per sample and normalized to the length of each individual 

retina. Then the average of all positive cells per mm retinal length was calculated in 

each experimental group. For each experiment, sample sizes are i ndicated in the text . 

For thickness measurements of the retina, the freehand lines tool in Fiji (ImageJ , 

version 1.52n) was used. For OCT cross sections, measurements were always taken in 

the same retinal region (image 400 out of the image stack consisting of 800 cross 

sections). Length was measured in pixels before being converted into microns 

(conversion factor 0.526).  
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For statistical analysis the GraphPad prism software (version 9.0.0) was used to 

determine p-values with either unpaired t -test, one -way ANOVA with TukeyɅs multiple 

comparison test for post hoc analysis or DunnettɅs multiple comparison test for post 

hoc analysis against control values. Chosen significance levels were **** p ɯ 0.0001; 

*** p ɯ 0.001; **p ɯ 0.01; *p ɯ 0.05. Values above p > 0.05 were not considered 

significant. Quantifications are shown as scatter plots including mean ± SD.  
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4 Results 

Zebrafish possess a high regenerative capacity in many tissues and organs  

(Gemberling et al., 2013) . However, to what extent functionality is restored during the 

process of regeneration is still largely unknown , especially in the field of 

neuroregeneration. Efforts to address functional recovery in zebrafish retina 

regeneration are summarized  in the following chapters.  

4.1 Behavior is a direct outcome of vision  

Behavior is the ultimate outcome of neural activity and visual behavior can be 

studied in zebrafish as early as 3 days post fertilization (dpf) . Several paradigms have 

been used  to address visual function in larval and adult zebrafish during the last 

decades (reviewed in Neuhauss 2003) . In order to be able to examine visual behavior 

in adult zebrafish, existing methods were functionally tested , modified if necessary 

and additional test paradigms were established  in this study.  

4.1.1 Zebrafish prefer dark over light  conditions  in a dark -light preference 

test  

To date, various slightly different dark -light preference behavior setups have been 

used to assess visual function in larval and adult zebrafish  (Blaser & Peñalosa, 2011; 

Facciol et al., 2017; R. Gerlai et al., 2000; Magno et al., 2015; Serra et al., 1999) . To be 

able to analyze functional recovery after light lesion, a dark -light preference test  has 

been established  following the general design. To this aim, a customized arena 

divided into ten individual compartments made out of infrared -transparent material  

was used. Half of the compartment was composed of clear , the other half of black 

plastic to obtain a light and d ark zone, respectively ( Figure 11A). The arena was either 

put in a dark environment (light off) or illuminated with white light (85 lux) from the 

top (light on). Infrared illumination was provided from the bottom and an infrare d-

sensitive camera centered above the arena was used to record the movement of a 

single test fish. For quantification, the percentage of time t he fish spent in the light 

zone as well as the distance moved and the velocity  were calculated . Unlesioned 

wildtype fish spent approximately  half of the time (53.1 ± 16.1%) in the light zone  when 

the light is off ( Figure 11B). In contrast, the time spent in the light zone decreased to 

32.9 ± 22.7 % when the light was on. Importantly, although the difference was 

statistically significant, the variance between individual fish was rather high. 

Corresponding heat maps  indicating  the mean position of each fish during the 

recordi ng show that fish tended to swim close to the borders of the compartment in 

the light off condition whereas they also explored the central parts of the 



 

48 

 

compartment when the light was on  (Figure 11C). With respect to distance moved as 

well as velocity, fish swam significantly more with a significant ly higher velocity ( Figure 

11D,E) in light off conditions.  

 

 

Figure 11: Zebrafish prefer dark over light in a dark -light preference test.  

(A) Scheme of the dark -light preference setup. The individual compartments of the custom -

made arena are made  of infrared -transparent material. One half is made from clear, the other 

half made from black plastic establishing a light and dark zone, respectively  (see 3.2.7.1). The 

test fish can swim freely within the whole compartment, which can be illuminated with white 

light from the top (85 lux). In addition, the setup  is illuminated from an infrared light source 

located beneath the arena and recorded from the top using an  infrared -sensitive camera. 

(B) Quantification reveals that the time fish spent in the light zone is significantly higher in the 

light off condition compared to the light on condition. (C) Representative heat maps of the 

whole arena including all 10 compar tments suggest different preferences in light off and on 

conditions. Dark zone s are indicated by dashed boxes. Quantifi cations of the distance moved 

(D) and the corresponding velocity (E ) show that the fish swam significantly less and slower in 

light on  condition.  Statistics: all data are represented as mean ± SD, unpaired t test , p < 0.05 (*); 

0.01 (**); 0.001 (***) or 0.0001 (****).  

In summary, the dark -light preference experiments have shown that there is a clear 

preference for the dark over the illuminated zone albeit with a high variability 

between individual fish.  
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4.1.2 A vision-dependent social preference test allows the assessment of  

visual function  

To assess visual function in a more sensitive manner, a vision -dependent social 

preference test  was established  for adult zebrafish making use of their inherent 

preference to socialize (Engeszer et al., 2007; Orger & De Polavieja, 2017; Suriyampola 

et al., 2016). To this end, a customized T -shaped arena was divided into two 

completely separated compartments ( Figure 12A). The lower arm harbored a group 

of fish representing the social stimulus whereas the upper arm contained a single test 

fish. A transparent window represented the only non -opaque interface b etween the 

two compartments and the zone in front of the window was defined as social zone 

(red box ). Movement s of the test fish were  recorded using an infrared -sensitive 

camera above the arena which was illuminated by an infrared light source placed 

beneath the fish. To demonstrate visual dependence of the setup, recordings of test 

fish in the dark (light off) with conspecifics as a social stimulus  as well as under normal 

light conditions (light on) with and without social stimulus were performed . The 

respective recordings (light off with social stimulus, light on without social stimulus, 

light on with social stimulus) were performed on three subsequent days. Without 

illumination, the test fish did not spend much time in the social zone and stayed in 

close proximity to the borders of their compartment even in presence of a social 

stimulus as indicated by re presentative heat maps ( Figure 12B). Similar results were 

observe d when  the arena was illuminated but no social stimulus was present, 

although the test fish also explored the more central parts of the compartment. In 

stark contrast, the test fish stayed mainly in the social zone and only rarely explored 

other parts of t he compartment when illumination was on and a social stimulus was 

present. Quantification of the time spent in the social zone confirmed the re sults of 

the heat maps ( Figure 12C). The test fish spent on average almost 60  % (59.3 ± 17.9 %) 

of their time in the social zone when presented with a social stimulus which drops 

significantly to 17.1 ± 10.6  % under light off conditions and to 5.3 ± 3.7  % in the 

absence of a soc ial stimulus. In addition,  distance moved, velocity and frequency of 

entering the social zone  were quantified . The fish swam significantly more in the 

absence of a social stimulus  (1804 ± 387 cm) compared to other conditions  (light off: 

1507 ± 313 cm, ligh t on + social stimulus: 1243 ± 321 cm)  (Figure 12D). Similarly,  the  

fish displayed a significantly higher velocity in the absence of a social stimulus  

(6 ± 1.3 cm/s) in comparison to dark condition s (5.1 ± 1 cm/s) which further dropped 

in th e presence of a social stimulus  (4.2 ± 1 cm/s) (Figure 12E). Finally, the frequency 

of entering the social zone was significantly reduced in the absence of  a social 

stimulus  (8 ± 7) compared to the other conditions  (light off: 20 ± 8, light on + social 

stimulus: 24 ± 24)  (Figure 12F).  
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Figure 12: Zebrafish  are highly social and social preference behavior is dependent on vision.  

(A) Scheme of the social preference setup. A custom -made T-shaped arena is divided into two 

completely separated compartments  (see 3.2.7.2). The lower arm harbors a group of eight fish 

representing the social stimulus, whereas a single test fish is placed into the upper, 

perpendicular arm. A transparent window is the only non -opaque interface between the two 

compartments. The movement of the test fish within the compartment is recorded from the 

top using an infrared -sensitive camera and an infrared light source placed beneath. The zone 

in front of the window is defined as social zone (red box) and used for quantifications. 

(B) Representative heat maps indicate the test fishɅs position in the compartment as a function 

of the condition. In dark conditions and in presence of a social stimulus (light off, + social 

stimulus), the fish stayed in close  proximity to the borders of the compartment. In illuminated 

conditions and absence o f a social stimulus (light on, - social stimulus), fish were freely roaming 

within the whole compartment. In contrast, in illuminated conditions and presence of a social 

stimulus (light on, + social stimulus), the fish spent a significant amount of time within the 

social zone. (C) Quantification of the time spent in the social zone revealed that the fish spent 

significantly less time in the social zone in dark conditions or  in illuminated conditions in the 

absence of a social stimulus as compared to light on conditi ons with a social stimulus. 

(D) Quantification of the distance moved showed that the fish swam slightly more in 

illuminated conditions in the absence of a social stimulus in comparison to dark conditions or 

illuminated conditions with a social stimulus present. (E) Quantification of the velocity revealed 

that the test fish swam faster in illuminated conditions in the absence of a social stimulus 

compared to dark co nditions or in illuminated conditions in the presence of a social stimulus. 

(F) Quantification of the frequency of the fish entering the social zone showed that the test fish 
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entered the social zone significantly more often in dark conditions or in illumin ated conditions 

with a social stimulus present compared to illuminated conditions without social stimulus. 

Statistics: all data are represented as mean ± SD, one -way ANOVA with TukeyɅs multiple 

comparison test, p < 0.05 (*); 0.01 (**); 0.001 (***) or 0.000 1 (****).  

Importantly, the preference to respond to the social stimulus was highly variable 

from individual to individual and some fish did not change their behavior in 

correlation to the pres ence of the social stimulus ( Figure 13A). Hence, a larger group 

of fish was analyzed to address this variability. In total, the fish spent almost 40 % 

(35.5 ± 24.9%) of their time in the social zone with values f rom 0 to almost 10 0 % 

(Figure 13B). Based on these data as well as on general swimming behavior, fish were 

subdivided into Ɉsocialɉ and Ɉunsocialɉ animals. ϥn essence, fish spending considerably 

more time within the social zone in the presence of a social stimulus and displaying a 

normal swimming behavior were selected while all others were dismissed. To test if 

the preference to socialize is indeed a stable trait, the Ɉsocialɉ fish were re-examined 

7 days after the initial recordings and no statistically significant differences were 

found (52.3 ° 17.3 % versus 48.4 ° 18.4 %) (Figure 13C). Hence, all further experiments 

were conducted with preselected Ɉsocialɉ fish. 

 

Figure 13: The social preference is variable between fish but remains stable for ind ividual fish.  

 (A) Heat maps of an exemplary Ɉunsocialɉ animal showing the average location of the fish in 

the presence (light on, + social stimulus) and absence (light on, - social stimulus) of conspecifics 

in the second compartment. Even in the presence of a social stimulus, the fish  kept roaming 

the whole compartment and did not spend much time in the social zone. (B) Quantification of 

the time spent in the social zone revealed a huge variation in individual fish if presented with 

a social cue. The fish were subsequently sorted based on the time spent in the social zone. 

This way, fish  were either selected or dismissed for further experiments. (C) Comparison of 

the quantifications of the time the selected fish spent in the social zone in the initial recor ding 

(control) and 7 days later (repeated control) showed no significant change. Statistics: all data 

are represented as mean ° SD, one-way ANOVA with  TukeyɅs multiple comparison test (B) or 

unpaired t test (C) , p < 0.05 (*); 0.01 (**); 0.001 (***) or 0.00 01 (****).  
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In summary, these data show that the  social preference test allows addressing 

behavior that is completely dependent on vision.  However, preselect ion for social and 

unsocial behavior is necessary  to exclude false positive or negative results.  

4.1.3 The optokinetic response is dependent on contrast, spatial frequency 

and color of the stimulus  

Although, the social preference test was found suitable to study visual function , the 

interindividual difference observed in this assay was rather large. Thus, an o ptokinetic 

response (OKR) assay was established . It relies on a reflexive behavior present in all 

vertebrates which  improves the fishɅs ability to track moving objects or stimuli. To 

analyze the OKR in adult zebrafish, the VisioTracker setup (TSE Systems GmbH) was 

modified  (Figure 14A, see 3.2.7.3). In detail, the test fish was  carefully secured in a 

custom -made holder between two pieces of foam, keeping the head and the gills 

uncovered. The immobilized fish was then put into a water -filled tank in an upright 

position and recorded from the top using an infrared -sensitive camera and infrared 

illumination from below. A computer -generated stimulus was projected onto a white 

drum surrounding the fis h. Using the company -provided software a  defined region of 

interest for each eye was defined to allow the tracking of move ments of both eyes 

individually ( Figure 14B). To elicit the OKR, a stimulus composed of black -white or 

differently colored vertical stripes was presented to the fish. In addition, the stimulus 

was modified with respect to contrast, nu mber (spatial frequency) and speed (angular 

velocity) of the stripes. To quantify the response, the gain which is defined as the ratio 

of the tracking speed of the eyes to the speed of the stimulus  was calculated . In a first 

set of experiments, black -white  stripes  were used  and either contrast (in %), spatial 

frequency (in cycles per degree (cpd)) or angular velocity (in degrees per second (dps)) 

were modified while keeping the other two parameters constant. A decrease in 

contrast from 100 to 50 and finally  10 % with constant spatial frequency (0.2 cpd) as 

well as constant angular velocity (15 dps) resulted in a similar gain for 100  % 

(0.29 ± 0.07) and 50 % (0.27 ± 0.05) but a significantly decreased gain for 10  % 

(0.12 ± 0.04) (Figure 14C). Increasing the spatial frequency from 0.1 to 0.2 to 0.4 and 

finally to 0.6 cpd with constant contrast (100  %) as well as constant angular velocity 

(15 dps) also resulted in a highly significant red uction of the obtained gain ( Figure 

14D). While spatial frequencies  of 0.1 and 0.2 cpd res ulted in  similar gain s (0.34 ± 0.08 

and 0.32 ± 0.09), the gain  was reduced by 50  % with a spatial frequency of 0.4 cpd 

(0.16 ± 0.07) and even yielded a negative value with a  spatial frequency of          

0.6 cpd (-0.04 ± 0.04) indicating that the fish were not able to track the stimulus. 

Modification of the angular velocity from 5 to 10 to 20 and  finally to 40 dps with 

constant contrast (100  %) as well as constant spatial frequency (0.2 cpd) had no major 
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consequences on the obtained gain, apart from a statistically significant, but minor 

reduction from 10 to 40 dps ( 5 dps: 0.32 ± 0.09, 10 d ps: 0.33 ± 0.07, 20 dps: 0.31 ±  0.05, 

40 dps: 0.29 ± 0.06) (Figure 14E).  

 

 

Figure 14: The optokinetic response of ad ult zebrafish is dependent on contrast and spatial 

frequency of the stimulus.  

(A) Scheme of the optokinetic response (OKR) setup. Utili zing a customized holder , a test fish 

is placed in the middle of a round arena in which a computer -animated stimulus is p rojected 

onto a white drum surrounding the fish. The movement of the eyes is recorded from top using 

an infrared -sensitive camera and an infrared light sour ce placed beneath the fish. 

(B) Representative image of a fish placed in the OKR setup. The region o f interest (ROI) for 

tracking the movements of the right eye is indicated in green. (C) Quantification of the gain 

obtained with 100, 50, and 10  % contrast showed that the values for 100 and 50  % contrast 

are highly similar and are significantly increased in comparison to the value for 10  % contrast. 

(D) Quantification of the gain dependent on the spatial frequency revealed a significant drop 

from 0.1 over 0.2 and 0.4 to 0.6 cpd. (E) Quantification of the gain in dependence on angular 

velocity indicated no changes of the gain when the angular velocity was increased. Statistics: 

all data are represented as mean ± SD, one -way ANOVA with TukeyɅs multiple comparison test, 

p < 0.05 (*); 0.01 (**); 0. 001 (***) or 0.0001 (****).  Abbreviations: cpd ɀ cycles per degr ee; dps 

ɀ degrees per second.  
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In a second set of experiments, the ability of the fish to perceive colors  was 

addressed . To this aim, the color of the stripes was modified (green, blue, red) while 

contrast (100  %), spatial frequency (0.2 cpd ) and angular velocity (15 dps) were kept 

constant. First, colored stripes were used on both black and white background in 

compa rison to black -white stripes ( Figure 15A). Interestingly , the background color 

had a substantial influence on the resulting gain. For instance, green -white stripes 

resulted in a significantly lower gain  (0.17 ° 0.05) in comparison to green -black 

(0.35 ° 0.06). In contrast, red and blue stripes resulted in a lower gain when combined 

with black stripes , respectively , in comparison to their combination with white stripes  

(red-black: 0.25 ° 0.08, red-white: 0.38 ° 0.06, blue-black: 0.24 ° 0.05, blue-white: 

0.35 ° 0.05). The gains observed for black -white (0.38 ° 0.07), green-black, red -white 

and blue -white stripes were comparably high.  These results indicate that the fish did 

not only perceive color but also changes in contrast under these experimental 

conditions. Hence, to minimize the influence of contrast differences between color 

and background, a stimulus with the individual color combined with a brightness -

matched grey background  was tested . To this end,  the brightness of the green -only, 

red -only and blue -only stimul us was measured  and the grey value of the background 

was matched accordingly ( Figure 15B). The gain was decreasing  from blue -grey 

(0.17 ± 0.04) over red -grey (0.13 ± 0.06) to green -grey (0.09 ± 0.01), although only the 

difference between blue -grey and green -grey was significantly different. As expected, 

an overall decline in the gain compared to color on black or white background  was 

observed . Finally, visual performanc e using colored stripes on colored background  

was tested . A red-green stimulus elicited the highest gain (0.3 ± 0.04), followed by a 

green-blue (0.24 ± 0.04) and red -blue (0.19 ± 0.06) stimulus ( Figure 15C).  

These experiments have revealed  that the tracking efficiency  of zebrafish  is highly 

dependent on the characteristics of the stimulus used in OKR measurements.  

Altogether it was shown that all three of the presented test paradigms are highly 

dependent on vision and can therefore be applied to examine the visual performance 

in adult zebrafish albeit focusing on different aspects of vision. The dark -light 

preference test assesses the fishɅs ability to distinguish between light and dark, while 

more complex visual properties are required for the social preference test. With the 

help of the OKR, more demanding visual tasks can be analyzed that include the 

analysis of color vision and low contrast as well as low sp atial frequency vision.  The 

established test paradigms will allow to characterize and quantify the visual 

restoration  in adult zebrafish as described in the following chapters.  
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Figure 15: The optokinetic response is dependent on the color of the stimulus.  

(A) Quantification of the gain obtained with colored stripes on white versus black background 

revealed significant changes. Green stripes with black background resulted in a twice as high 

gain as compared to white background. Red  or blue stripes combined with a white background 

elicited an increased gain compared to a black background. The gains  observed for black -

white , green-black, red -white and blue -white stripes were comparably high. (B) Matching the 

brightness of each grey le vel to the brightness of the respective color resulted in an overall 

lower gain compared to colored stripes on a black or white background. Blue -grey stripes 

elicited a significantly higher gain as compared to green -grey stripes . (C) Quantification 

revealed that two colored stimuli result in highest gains for red -green , followed by green -blue 

and red -blue. Statistics: all data are represented as mean ± SD, multiple t -tests (A) or one-way 

ANOVA with TukeyɅs multiple comparison test (B, C), p < 0.05 (*); 0.01 (**); 0.001 (***) or 

0.0001 (****).  

4.2 Visual function is gradually recovered after light lesion  

The exposure of fish to very bright light  during a light lesion  results in a specific and 

highly reproducible ablation of photoreceptors. More precisely , all rods and cones are 

ablated in the central part of the retina whereas mostly UV and blue cones are lost in 

more peripheral regions leaving all other photoreceptor cell types intact. In the 

uppermost dorsal and ventral regions, all photoreceptors are l argely unaffected by 

the lesion (Weber et al., 2013) . In this part of the study , behavioral studies to 

characterize the recovery of visual function after light lesion will  be addressed.  
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4.2.1 The dark -light preference test is not suitable to detect changes in 

retinal function after light lesion  

To analyze changes in dark -light preference  behav ior  caused by a light lesion as 

well as during subsequent regeneration , the dark -light preference  was recorded 

under control conditions (light off and on) as well as  at 1, 3, 7, 14, and 28 days post 

light lesion (dpl) ( Figure 16A). However, in compariso n to control measurements 

(38.9 ± 23.4 %) no significant changes could be observed with respect to the time 

spent in the light zone neither immediately following the lig ht lesion (1 dpl: 

41.9 ± 22.1 %) nor during the course of regeneration (3 dpl: 41.8 ± 24.9  %, 7 dpl: 

39.3 ± 22.2 %, 14 dpl: 43.6 ± 20.9 %, 28 dpl: 56.3 ± 16.6 %) (Figure 16B). Similarly, 

distance moved as well as velocity did not change significantly following a light lesion 

and subseque nt regeneration ( Figure 16C,D). Again, strong variations were observed 

between individual fish.  

 

Figure 16: Dark -light preference behavior is highly variable impeding assessment of vision loss 

and recovery after ligh t lesion.   
(A) Experimental timeline. Dark -light preference recordings were performed in light on and 

light off conditions prior to light lesion as well as in light on conditions at 1, 3, 7, 14, and 28  days 

post lesion (dpl). (B) Quantification of the time  spent in the light zone reveals that fish do not 

change their preference for the dark or light zone after light  lesion . Similarly, quantifications 

of the distance moved (C) and velocity (D) show no lesion -dependent alterations. Statistics: all 

data are re presented as mean ± SD, one -way ANOVA with DunnettɅs multiple comparison test 

against control , p < 0.05 (*); 0.01 (**); 0.001 (***) or 0.0001 (****).  
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Taken together, these  results suggest that the strong individual variability observed 

in the dark -light preference behavior impedes assessment of functional recovery after 

light lesion.  

4.2.2 Vision is rapidly lost after light lesion but restored within 7 days as 

revealed by the social preference test  

To examine potential changes of visu al performance in the context of regeneration  

that could not be detected with the dark -light preference paradigm , the  social 

preference test  was applied . Initially, unlesioned controls were recorded in an 

illuminated arena with a group of conspecifics as s ocial stimulus. Subsequently, a light 

lesion was applied to the same fish  and their performance in the social preference 

test was recorded at 1 , 3, 7, 14, and 28 dpl (Figure 17A). Heat maps of one 

representative individual indicate that  prior to the lesion, the fish spent the majority 

of time within the social zone  (Figure 17B). However, at 1 and 3 dpl the fish displayed 

a completely different behavior and spent most of the time outside of the zone 

exploring the whole compartment although staying close to its borders. The fish 

started to spend more time within the social zone at 7 d pl and returned to initial levels 

from 14 dpl onwards. Quantifications confirmed the significant drop of the time the 

fish spent in the social zone at 1 and 3 dpl (4.6 ± 2  %, 10.8 ± 8.8 %) compared to  control 

(34.5 ± 8.4 %) (Figure 17C). Statistically, no difference was observed at 7 dpl compared 

to controls (23.8 ± 14  % versus 34.5 ± 8.4 %). However, full recovery for all fish  was 

only reached from 14 dpl onwards (14 dpl: 34.8 ± 8.7  %, 28 dpl: 34.1 ± 4.7 %). No 

significant changes were seen in the distance moved, velocity and frequency  of 

entering the zone ( Figure 17DɀF).  

These observations suggest that visual function is highly impaired after  light lesion 

but that vision is restored (at least to some extent)  already with in 7 days after lesion.  
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Figure 17: The social preference test reveals recovery of vision within 7 days after light lesion.  

(A) Experimental timeline. Recordings were performed in light on conditions in presence of a 

social stimulus before light lesion (control) and at 1, 3, 7, 14, and  28 days post lesion (dpl). 

(B) Heat maps of one representative individual fish show that the time spent in the social zone 

decreases significantly following light lesion and returned to b aseline from 7 dpl onwards. 

(C) Quantificatio n of the time s pent in the social zone confirmed  a significant decrease at 1 and 

3 dpl and the return to control levels after 7 dpl. Quantifications of the distance moved (D), 

velocity (E) and frequency in zone (F) did not reveal any significant changes wi thin the observed 

timeframe. Statistics: all data are represented as mean ± SD, one -way ANOVA with DunnettɅs 

multiple comparison test against control, p < 0.05 (*); 0.01 (**); 0.001 (***) or 0.0001 (****).  

4.2.3 An OKR-based two level vision test reveals gradual  recovery  of visual 

properties within 10 to 14 days after light lesion  

Based on previous findings,  two level vision test for adult zebrafish has been 

developed that allows the thorough assessment of visual function similar to a human 

vision test. In the fi rst level, contrast sensitivity and spatial resolution were tested 

using a black -white stimulus with variations in contrast (100, 30, and 10  %) and spatial 

frequency (0.2, 0.3  and 0.4 cpd) but a constant angular velocity (15 dps) yielding nine 

different co mbinations of stimuli. In the second level, the ability to perceive colors was 
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assessed using a colored stimulus on an intensity -matched grey background keeping 

contrast (100  %), spatial frequency (0.2 cpd) and angular velocity (15 dps ) constant. To 

analyze functional recovery after light lesion, the OKR of the test fish was determined 

prior to the lesion (control) and at 3,  7, 10, 14, and 28 dpl ( Figure 18A). All individual 

data points are summ arized in Table S1. To simplify the subsequent analysis, the nine 

possible combinations of the first lev el of the vision test were divided into three 

degrees of difficulty depending on the obtained gain of t he control recordings ( Figure 

18BɀJ). A gain greater than 0.25 w as considered an easy condition (indicated with one 

red star) which comprised three stimuli combinations  (100 %/ 0.2 cpd, 100 %/ 0.3 cpd, 

30 %, 0.2 cpd) (Figure 18B,C,E). Five conditions with a gain between 0.1 and 0.25 were 

defined as medium (two red stars) (100 %/ 0.4 cpd, 30 %/ 0.3 cpd, 30 %/ 0.4 cpd, 10 %/ 

0.2 cpd, 10%/ 0.3 cpd) (Figure 18D,FɀI). Only one condition (10 %/ 0.4 cpd) resulted in 

a gain below 0.1 and was defined as  hard (three red star s, (Figure 18J). Next, OKR 

measurements of the described regimen  were performed over the course of 

regeneration. The gain was significantly reduced at 3 dpl for all tested conditions 

indicating that vision  is severely impaired. At 7 dpl, the gain increased for all 

condition s except for the hard condition which remained unchanged. However, 

despite the increase in gain, all values were still significantly different from pre -lesion 

levels for all conditions. A t 10 dpl, a further increase in gain was observed in all 

conditions and all three easy conditions were no longer statistically different from pre -

lesion levels indicating recovery of visual function to a certain degree. Nevertheless, 

despite the absence of  a statistical difference, easy conditions showed further 

improvements until 28 dpl when contrast sensitivity and spatial resolution were fully 

restored. In addition to the easy conditions, the gain of the hard condition also 

showed no statistical differen ce from 10 dpl. Admittedly, this finding is most likely due 

to the experimental setup which yielded only a gain below 0.1 already at pre -lesion 

levels rather than reflecting a full recovery of vision. At 14 dpl, all conditions showed 

a further increase in gain and all five medium conditions were no longer statistically 

different from pre -lesion levels indicating improved vision. Again, even though not 

statistically different, full pre -lesion levels were only reached at 28 dpl.  
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Figure 18: The restoration of the full optokinetic response is accomplished between 10 and 14 

days after light lesion dependent on the degree of difficulty.  

(A) Experimental timeline. The optokinetic response (OKR) -based vision test was performed 

before ligh t lesion (control) and at 3, 7, 10, 14, and 2 8 days post lesion (dpl).                                          

(BɀJ) Quantifications of the gain obtained for a black -white stimulus at a constant angular 

velocity of 15 dps but different combinations of con trast and spatial frequency revealed that 

the gain dropped significantly at 3 dpl and remains strikingly reduced at 7 dpl at all conditions. 

For easy conditions with high contrast and low spatial frequency (one red star), pre -lesion 

levels are reached at 1 0 dpl, whereas the OKR for medium difficulty (two red stars) returned 

to pre -lesion levels from 14 dpl onwards. Under hard conditions (three red stars) with low 

contrast and high spatial frequency, the gain was already very low at control recordings but 

statistically recovered by 10 dpl. All individual data points are su mmarized in Table S1. 
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Statistics: all data are represented as mean ± SD, one -way ANOVA with DunnettɅs multiple 

comparison test against control , p < 0.05 (*); 0.01 (**); 0.001 (***) or 0.0001 (****).  

For better comparison, the obtained data points of the three degrees of difficulty  

were combined . To account for differences between individual fish,  the data of each 

day and condition after the lesion  was normalized  with respect to the control gain. 

Subsequently, th e relative tracking efficiency  was calculated by averaging the  

normalized values for each time point according to the respective degree of  difficulty. 

All individual  data are summarized in Table S2. For easy conditions, the relative 

tracking efficiency was reduced significantly at 3 and 7 dpl, but no sig nificant 

difference to control could be  observed from 10 dpl ( Figure 19A). However, pre -lesion 

levels were only restored at 28 dpl. With respect to the medium degree o f difficulty, a 

highly significant drop in the relative tracking efficiency was observed early after 

lesion which was on ly resolved by 28 dpl ( Figure 19B). For the hard degree of difficulty, 

the decline of the visual performance was reversed by  14 dpl (Figure 19C). The direct 

comparison between the three degrees of difficulty reve aled a significantly higher 

relative tracking efficiency for easy conditions compared to both medium and  hard at 

7 and 10 dpl ( Figure 19D).  
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Figure 19: The OKR-based first level vision test reveals differences in the kinetics of functional 

recovery dependent on the degree of difficulty.  

(A-C) Quantifications of the relative tracking efficiency (gain normalized to pre -lesion levels for 

each individual fish and subsequently pooled for all conditions of a certain degree of difficulty) 

showed a highly significant reduction at 3 and 7 dpl for all three co nditions (easy, medium and 

hard indicated with one, two and three red stars, respectively) ( Table S2). For easy conditions, 

no statistical difference was observed fro m 10 dpl onwards indicating recovery of vision. In 

contrast, loss of a statistical difference was seen for the medium and hard conditions only at 

28 and 14 dpl, respectively.  (D) Comparison of all degrees of difficulty showed a significantly 

higher relativ e tracking efficiency at 7 and 10 dpl under easy conditions compared  to medium 

and hard conditions.  Statistics: al l data are represented as mean ° SD, one-way ANOVA with 

DunnettɅs multiple comparison test against control (A-C) or two -way ANOVA with TukeyɅs 

multiple comparison test (D) , p < 0.05 (*); 0.01 (**); 0.001 (***) or 0.0001 (****).  

In the second level of the vision test, differently colored stimuli were used to assess 

the ability to perceive colors. First of all,  green, red or blue stimuli  on an int ensity -

matched grey background  were projected to elicit the OKR . Starting from an already 

low gain obtained at pre -lesion levels for the green stimulus, a statistically non -

significant drop was observed at 3 and 7 dpl which increased at 10 and 14 dpl befor e 

returning to co ntrol levels at 28 dpl ( Figure 20A). Similarly, the gain obtained at pre -

lesion levels from a red or blue stimulus was significantly reduced at 3 and 7 dpl but 

returned to pre -lesion lev els already at 10 dpl ( Figure 20B,C). Moreover, the gain for 
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various colors on a black or white background as well as colored stripes on colored 

backgrounds  was determined during the course of regeneration . All conditions 

showed a significant drop in gain at 3 and 7 dpl and return to pre -lesion levels  at 

10 dpl (Figure 20D-I). All individual values are summarized in Table S3. Taken together, 

these data show that also the ability to perceive colors is restored within 10 days after 

light lesion.  

 

Figure 20: Color vision is restored at 10 days after light lesion.  

Quantifications of the gain obtained after light lesion for red (B) and blue (C) colored stimuli 

on an intensity -matched grey background (100  %/ 0.2 cpd /15 dps) revealed a significant 

reduction at 3 and 7 dpl but restoration to baseline levels at 10 dpl. The quantification of the 

gain for a green stimulus (A) showed a similar trend but was not significantly different. 

Quantifications of the gain obtained with green -black (C), red-white (D), blue -white  (E), red-

green (F), green-blue (G) and blue -red (H) stimuli with constant contrast (100 %), spatial 
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frequency (0.2 cpd) and angular velocity (15 dps) prior to lesion (control) and at 3, 7, 10, 14 and 

28 days post lesion (dpl), showed a highly similar resu lt. With all stimuli, a significantly reduced 

gain were observed at 3 and 7 dpl which was restored to pre -lesion levels at 10 dpl. Individua l 

data are summarize d in Table S3. Statistics: all data are represented as mean ± SD, one -way 

ANOVA with DunnettɅs multiple comparison test against control, p < 0.05 (*); 0.01 (**); 

0.001 (***) or 0.0001 (****).  

In summary , the  data show a striking correlation betwee n the quality and kinetics 

of visual recovery and the degree of difficulty of the visual task. In general, easier tasks 

that require less contrast sensitivity and spatial resolution  (including the perception 

of colored stimuli)  were  recovered faster and to  a higher degree of quality. In contrast, 

more demanding tasks that require improved visual performance took  comparably 

longer time to recover.  

4.2.4 The photoreceptor layer is restored morphologically within 14 days 

after light lesion  

The behavioral tests indic ate that functional vision is gradually restored between 

7 and 14 dpl. Hence, the underlying morphological processes that occur in the same 

timeframe  got into focus . To analyze the retinal morphology , two different 

methodologies  were applied : classical histological hematoxylin and eosin staining 

(HE), as well as optical coherence tomography (OCT). HE is one of the most commonly 

used stainings in histology that labels nuclei in blue and extracellular matrix as well 

as cytoplasm in pink . OCT is a non -invasive imaging technique which allows the 

repeated analysis of retinal structures in vivo (Walther et al., 2011) . Direct comparison 

of a retinal cross section stained with HE and a cross section obtained via OCT 

revealed a hig h degree of similarity ( Figure 8). Both methods allow the discrimination 

of all different retinal layers. In this context, nuclear layers appear purple in HE 

stainings and dark in OCT images whereas plexiform layers appe ar light pink in HE 

stainings and brighter in OCT images, respectively. Interestingly, OCT revealed small 

hyper -reflective structures that are regularly aligned within the photoreceptor layer . 

They have been assigned to the inner -outer segment junctions of  photoreceptors 

allowing the examination of the photoreceptor fine structure (Fernández et al., 2001) . 

In addition to the resolution of all retinal layers in great detail , OCT allows the 

acquisition of fundus images showing the mosaic cone pattern as well as  retinal blood 

vessels (Figure 8). To obtain insights into the regeneration of photoreceptors after 

light lesion, HE stainings and OCT imaging  were assessed in parallel  during the course 

of regeneration . For HE, fixed specimen of unlesioned controls as well as light lesioned 

fish sacrificed at 3,  7, 10, 14, and 28 dpl (Figure 21A) were considered . All retinal layers 

were clearly distinguishable and well organized prior to the lesion. In particular, the 

outer segments of the photoreceptors were well defined. In stark contrast, the 
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photoreceptor layer was highly disordered and displayed massive cell loss and 

disruptions at 3 dpl whereas the other layers appear ed largely unaffected by the 

lesion. Outer segments of photoreceptors cannot be recognized at this time point 

within the lesio ned area. At 7 dpl, the photoreceptor layer reappeared and continued 

to grow in size until 14 dpl. Concomitantly with the reappearing of the photoreceptor 

layer, the outer segments grew in size and became more organized. At 28 dpl, the 

retinal architecture  was largely restored and highly similar to unlesioned controls. 

Using OCT imaging, individual fish were followed over a period of 28 days after the 

lesion (Figure 21B). The corresponding OCT cross sections confirmed the results from 

the HE staining with respect to the destruction and recovery of the photoreceptor 

layer after light lesion. In addition, the hyper -reflective spots in the photoreceptor 

layer that were los t at 3 and 7 dpl, reappeared at 10 dpl and became gradually more 

organized until 28 dpl. However, even at this latest stage, their distribution appeared 

less organized in comparison to controls. In addition, fundus projections  were 

generated  to monitor the  cone mosaic ( Figure 21C). Here, photoreceptors  were clearly 

arranged in a stereotypic mosaic in unlesioned controls. In contrast, the mosaic could 

not be distinguishe d at all at 3 dpl. Starting from 7 dpl onwards, cone cells reappeared, 

however, the mosaic did not regain its clear and well -organized structure observed 

prior to lesion, not even at 28 dpl.  

 

Figure 21: Retinal morphology is rest ored gradually after light lesion.  

(A) Hematoxilin Eosin ( HE) stainings of unlesioned control samples as well as specimen fixed 

at 3, 7, 10, 14, and 28 days post lesion (dpl). (B) Optical coherence tomography ( OCT) cross 

sections of one representative  fish prior to lesion and at 3, 7, 10, 14, and 28 dpl. Both methods 
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showed the loss of photoreceptors at 3 dpl, their subsequent reappearance at 7 and 10 dpl as 

well as their proper differentiation at 14 and 28 dpl. (C) OCT fundus projections revealed the 

loss of the cone mosaic at 3 dpl and its subsequent recovery, although the mosaic appeared 

irregular even at 28 dpl. Scale bars  represent 25 µm.  

As shown by histological stainings and in vivo imaging,  morphological restoration 

of most retinal features occurs gradually upon light lesion and within 14 to 28 days 

retinal morphology is largely restored.   

4.3 Recovery of function after neurotoxic lesion  is highly variable 

and depends  on the degree of morphological restoration  

In comparison to the light lesion mo del, neurotoxins that are injected into the 

vitreous of the eye affect mostly inner retinal neurons if applied  in moderate 

concentrations  while  high concentrations  affect all retinal cells (Fimbel et al., 2007; 

Sherpa et al., 2008) . Hence, neurotoxins provide a tool for the analysis  of the 

regeneration of other retinal neurons apart from photoreceptors. T he degree of 

damage as well as the functional recovery upon injection of different concentrations 

of Ouabain and NMDA as well as a combination of the two is described in the followin g 

chapter . 

4.3.1 The dark -light preference behavior is altered after extensive Ouabain -

mediated  lesion  

To assess the impact of Ouabain -mediated lesions on retinal function, the dark -

light preference test was performed under control conditions and at 1,  3, 7, 14 and 

28 dpl  as well as at 3 months post lesion  (mpl ) (Figure 22A). Two different 

concentrations of Ouabain were chosen for this experiment to induce lesions of 

differe nt intensities  (50 µM ɀ selective damage, 100 µm - extensive damage, 

correspond to a final concentration of ~ 2 and 10 µM, respectively, in the eye as 

published in Fimbel et al. 2007 , ). After  the selective damage, the time the fish spent 

in the light  zone was slightly increased at 1 dpl but comparable  to light on conditions 

(light on: 29.9 ° 20.2 %, 1 dpl: 47.1 ° 11.8 %, n= 13) (Figure 22B). During the following 

time points , the time  in the light zone  was still inc reased compared to control 

recordings although not s tatistically significant (3 dpl: 41.1 ° 17.9, 7 dpl: 38.1 ° 14.5 %, 

14 dpl: 43.1 ° 9.1 %, 28 dpl: 40.2 ° 13 %, 3 mpl: 53.8 ° 19.9 %). As already described 

before , high variation between individual fish co uld be observed. Also, no significant 

lesion -dependent chang es in distance moved ( Figure 22C) or velocity (Figure 22D) 

were observed. Following the  extensive damage, the time fish spent in the light zone 

was significantly increased at 1, 3, 14 and 28 d pl but not at 7 dpl and 3 mpl (light on: 

29.1 ° 22.3 %, 1 dpl: 49.8  ° 10.2 %, 3 dpl: 43.9  ° 15.1, 7 dpl: 42 .1 ° 13.9 %, 14 dpl: 

47.1 ° 20.6 %, 28 dpl: 45.8 ° 17.4 %, 3 mpl: 55.3 ° 25.6 %, n = 17) (Figure 22E). The 
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observed  variations between individual fish appeared even greater as for the selective 

damage. While velocity of swimming was not changed after extensive damage , the 

fish covered a significantly increased distance at 1, 7 and 28 dpl  (Figure 22F,G). 

 

Figure 22: Dark -light preference behavior is changed after extensive Ouabain -mediated lesion.  

(A) Experimental timeline. Dark -light preference recordings were performed in light on and 

light off conditions prior to injection of 50 or 100 µM Ouabain as well as in light on conditions 

at 1, 3, 7, 14, and 28 days post lesion (dpl) and 3 months post lesion (mpl). (B) Quantification 

revealed  that fish spent significantly  more time in the light zone after injection of 50 µM 

Ouabain a 1 dpl . No significant alterations were observed at later time points. Q uantifications 

of the distance moved (C) and velocity (D) show ed no lesion -dependent alterations.  (E) The 

time sp ent in the light zone was  significantly increased at several time points (1/3/14/28 dpl) 

after injection of 100 µM Ouabain.  Also, fish showed an increase in the moved distance after 

(F) while the velocity was not significantly altered (G). Statistics: all data are represented as 

mean ± SD, one-way ANOVA with DunnettɅs multiple comparison test against control , 

p < 0.05 (*); 0.01 (**); 0 .001 (***) or 0.0001 (****).  

In summary, lesion -dependent changes in the dark -light preference behavior could 

be observed only after extensive but not selective Ouabain -mediated damage 

although interindividual differences might impede the validity of this assay . 
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4.3.2 Recovery of basic visual function is highly variable after Ouabain -

mediated lesion  and depends on the intensity  of the lesion  

As the dark -light preference test proved difficult to analyze, the social preference 

test was applied after Ouabain -mediated lesion. The social preference was assessed 

at 1, 3, 7, 14 and 28 days, as well as 3, 5, 7 and 10 months after either sel ective or 

extensive damage  (Figure 23A). The time the fish spent in the social zone after 

selective lesion was significantly reduced at 1, 3, 7 and 14  dpl compared to control 

(control: 54.1 ° 21.2 %, 1 dpl: 24.9 ° 17.3 %, 3 dpl: 19.3 ° 12.4 %, 7 dpl: 15.3 ° 6.1 %, 

14 dpl: 25.2 ° 14.9 %, n = 7) (Figure 23B). Although not statistically significant, values 

remained considerably lower compared to control until t he end of the experiment 

(28 dpl: 32.5 ° 14.9 %, 3 mpl: 34.5 ° 19.3 %, 5 mpl: 30.8 ° 16.3 %, 7 mpl: 30.9 ° 20.3 %, 

10 mpl: 37.7 ° 21.6 %). As again a high interindividual variance has been observed, the 

behavioral changes were considered in individual fish (Fig ure Figure 23C). Here, the 

variance became  even more apparent with some fish losing  vision almost completely 

and immediately, others gradually or only partly. In addition,  the success and timeline 

of restoration of social preference behavior were also highly variable. After an  

extensive damage, the time the fish spent in the social zone was reduced highly 

significantly right  after Ouabain -injection and was not resolved until 10 mpl ( control: 

59.8 ° 14.5 %, 1 dpl: 22.2 ° 14.3 %, 3 dpl: 18.1 ° 11.5 %, 7 dpl: 17.2 ° 12 %, 

14 dpl:  19.6 ° 11.4 %, 28 dpl: 21.3  ° 14.5 %, 3 mpl: 23 ° 10.4 %, 5 mpl: 25.1 ° 19.2 %, 

7 mpl: 25.8  ° 23.1 %, 10 mpl: 28.3  ° 14.9 %, n = 7) (Figure 23D). Similar to  the selective 

lesion, the behavior of individual fish was affected  to different extents early after 

lesion but also during the course of regeneration ( Figure 23E).  

These data have shown  that vision is affected by Ouabain -mediated lesion (both 

selective and extensive) already early after lesion. There seems to be recovery of 

function in selectively damaged fish albeit with a high variability between individual 

fish.  No recovery could be observed after an extensive lesion.  
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Figure 23: Social preference behavior is decreased after Ouabain -mediated lesion and the 

recovery rate is highly  variable between individual fish . 

(A) Experimental timeline. Recordings were performed in light on conditions in presence of a 

social stimulus before injection (control) of 50 or 100 µM Ouabain  and at 1, 3, 7, 14, and 28  days 

post lesion (dpl)  as well as 3, 5, 7, and 10 months post lesion (mpl) . (B) Quantification of the 

time spent in the social zone  after injection of 50 µM Ouabain  showed  a significant decrease 

already at  1 dpl which wa s resolved after 28 dpl. ( C) The analysis of time spent in the social 

zone for individual fish after injec tion of 50  µM Ouabain indicated  high inter -individual 

variability. (D)  Quantifications revealed  that t he social preference behavior was  significantly 

reduced right after injection of 100 µM Oua bain and stayed significantly different compared 

to control levels even after 10 months.  (E) A high interindividual variance of the time spent in 

the social zone after lesion was also observed after the injection of 100 µM Ouabain. Statistics: 

all data are  represented as mean ± SD, one -way ANOVA with DunnettɅs multiple comparison 

test against control, p < 0.05 (*); 0.01 (**); 0.001 (***) or 0.0001 (****).  
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4.3.3 Impact of Ouabain -mediated lesion s on retinal morphology and 

morphological restoration is highly diverse  

To obtain a deeper insight into the  interindividual differences  in visual behavior 

and functional recovery described before , all experimental fish were sacrificed at the 

end of the experiment and retinal structure was assessed using HE stainings. In 

comparison to unlesioned fish where the structure of eye and retina were  intact and 

all retinal layers well distinguishable, the retinal structure was still considerably  

different  even months 11 after  selective (Figure 24, A unlesioned control, B -D selective 

Ouabain damage ) or extensive ( Figure 25) Ouabain -mediated lesion. Following  

selective damage , the whole retina appeared more folded and the distance between 

retina and lens was  highly variable even within one eye. Moreover, the retinae 

appeared thinner and especially the inner nuclear layers GCL and INL seemed less 

populated.  Although the individual layers were still distinguishable, they appeared 

less separated from each other and few retina e showed  rosette -like structure s (Figure 

24E). The photoreceptor morphology on the other hand remained largely unaffected  

in all fish . After extensive Ouabain -mediated dama ge, a highly variable phenotype  was 

observed that were in sum more severe compared to the ones after selective damage. 

The severity  of the phenotype  ranged from less severe with a thinner re tina 

containing less cells but  still distinguish able layers (Figure 25A), over more severe 

ones where layeri ng especially of the inner retina was  largely affected ( Figure 25B,C) 

to most severe damages  that hardly allow ed the distinction of any layers or even 

retinal stru ctur es but resemble d a random mixture of  cells (Figure 25D,E). In these 

fish  not only the retina but also the structur e of the eye including lens was  massively 

affected.  

In summary,  the  histological analyses have shown that the structure of eye and 

retina  is not fully restored within 11  months after Ouabain -mediated lesion. In 

general, the phenotype  observed after selective dam age was less severe whereas 

after extensive damage eye  and retina were in some cases damaged beyond repair.  

However, the degree of morphological restoration varied not only between the two 

lesion paradigms but also greatly between individual fish that underwent t he same 

lesion  paradigm . 
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