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Introduction54

Retinal degenerative diseases, like retinitis pigmentosa (RP), impact the quality55

of life in a�ected patients and their relatives [1, 2, 3]. Helping these patients56

preserve or regain vision is important. Electrical stimulation with retinal pros-57

theses is one solution to tackle vision loss [4, 5, 6, 7, 8, 9, 10, 11]. The technology58

has reached clinical application and patients have successfully been implanted59

with di�erent devices [12, 13, 14, 15, 16, 17, 18].60

During the progression of RP, photoreceptors (PRs) degenerate while the inner61

retina is largely unharmed [8]. Due to the loss of a�erentiation from PRs, the62

layers of the inner retina undergo a process known as remodeling [19]. Since63

the retinal ganglion cells remain intact, they are a frequent target of electrical64

stimulation by prostheses. By electrically stimulating ganglion cells, phosphenes65

can be elicited, enabling the restoration of some residual vision [20].66

To improve such retinal prostheses, large-eye animal models are needed. Aside67

from the well described retinal degeneration 1 (rd1) and retinal degeneration 1068

(rd10) mouse and Royal College of Surgeons (RCS) rat � genetic models for RP69

� few genetic models exist in larger species like dog [21], cat [22], rabbit [23] or70

miniature pig [24]. Disadvantages of genetic large-species models are the slow71

disease progression and the lack of an intraindividual control eye. Both can be72

avoided by inducing PR degeneration experimentally in only one eye.73

The harmful e�ect of light on the eye has been investigated as early as 188974

[25] and the e�ect on the retina in more detail since the 1960's [26]. Today,75

it is known that light exposure can damage PRs via non-thermal mechanisms.76

The e�ect on the retina depends on duration and intensity of light exposure,77

wavelength, state of dark adaptation, retinal location, age, previous light expo-78

sure as well as characteristics and distribution of light absorbing chromophores79

[27, 28].80
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The fact that the retina of the rhesus monkey is most susceptible to damage 81

by light in the UV range, was found by Ham et al. in 1979 [29]. This was 82

con�rmed in experiments with aphakic rhesus monkeys, where the retinae were 83

six times more sensitive to light with 350 and 325 nm wavelength, than to blue 84

light with 441 nm [30]. Van Norren et al. published similar �ndings obtained 85

from rat retinae in 1990 [31]. For the establishment of a PR degeneration 86

model with an intact inner retina, it is important to know which cells are 87

targeted by di�erent wavelengths. In the squirrel retina, exposure to 366 nm at 88

threshold intensity a�ected PRs only, whereas irradiation with 441 nm a�ected 89

both, retinal pigment epithelium (RPE) and PRs [32]. Gorgels et al. published 90

related �ndings in pigmented Long Evans rats: in the range of 320-440 nm, PRs 91

su�ered the most severe damage, whereas the RPE was targeted at 470-550 nm 92

[33]. 93

According to Henriksson et al., the C57BL/6 mouse cornea transmits approx. 94

50% and the lens 55% of the radiation at 370 nm (approximated from �gure 95

3 and 4, [34]), which are important information for calculating the retinal 96

irradiance. 97

A very useful compilation of research done on light induced retinal damage was 98

put together by van Norren and Gorgels in 2011 [28]. Extensive research on 99

light-induced damage to the retina was also conducted by Grimm and Remè 100

[35, 36, 37, 38]. 101

102

Here, we report the short and long term e�ects UV radiation had on the 103

mouse retina and compare the produced phenotype to that of the rd10 mouse 104

and the mouse model of n-nitroso-n-methylurea (MNU)-induced PR degenera- 105

tion, before attempting to transfer the method to the large-eye rabbit model. 106

The goal is to generate a model that is characterized by PR degeneration and 107
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133

In the dose escalation study, a suitable dosage of UV radiation was sought. 134

Therefore, dosages between 2.8 J/cm² and 9.3 J/cm² were tested. Eight animals 135

were tested with 2.8, 3.7, 5.6, 6.5, 6.5, 9.0, 9.3, 9.3 J/cm², respectively. Please 136

note that dosages are always given as measured on corneal surface, not on retinal 137

surface, if not explicitly stated otherwise. 138

For the calculation of retinal dosages, the following formula (from [28] was used: 139

Eret = Ecor ·
πD2

4
·

τ

Aret

Corneal irradiance (Ecor) can be converted into retinal irradiance (Eret) 140

with D as pupil diameter (= 1.9mm; from [39]), Aret as irradiated retinal area 141

(= 4.0mm²; from Figure 2 C) and τ as the transmittance of the ocular media 142

(= 0.35; from [34]). For example, a corneal irradiance of 7.5 J/cm² in our case 143

equals a retinal irradiance of 1.87 J/cm². 144

For further dosage calculation refer to Supplementary Material - Dosage Cal- 145

culation. 146

147

In the dose escalation study, pre-examinations (slit lamp examination, sd- 148

OCT, �ERG, macroscopic images) were performed. One week later, the left eye 149

was irradiated with the respective dosage and one, two and three weeks after 150

the irradiation, follow-up examinations (macroscopic images, �ERG, sd-OCT) 151

were performed. Three weeks after irradiation, the animals were sacri�ced and 152

the eyes prepared for H&E staining. 153

The characterization study involved four experimental groups � all groups re- 154

ceived a pre-examination one week before irradiation (0d), involving macroscopy, 155

�ERG and sd-OCT. Follow-up examinations included macroscopy, �ERG and 156

sd-OCT as well. The groups di�ered in total follow-up time span (5 days, 6 157
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weeks, 8 weeks, 12 weeks) after irradiation with 7.5 J/cm². Within the short158

term group, animals were examined �ve days (5d) after irradiation and single159

animals (n= 1) received follow-up examinations at one day (1d), two days (2d)160

and four days (4d), respectively. These single animals served to �nd the point161

in time, where half of the PRs were gone. For 1d, 2d and 4d after irradiation162

only exemplary data are shown, since statistical evaluation was not possible.163

A middle term group received follow-up examinations at one, two, four and164

six weeks (1w, 2w, 4w, 6w), and two long term groups received follow-up165

examinations at eight as well as at eight and twelve weeks (8w, 12w) after166

irradiation, respectively. All animals were sacri�ced in the end. The eyes of167

one half of each group (n=4) were prepared for multielectrode array (MEA)168

recordings, the other half (n=4) for immunohistochemical stainings.169

170

Animals171

Female C57Bl/6J mice (aged 7-11 weeks, average age 8.8 ± 0.9 weeks;172

RRID: IMSR_JAX:000664) were housed under controlled cyclic environmen-173

tal conditions (Charles River Laboratories GmbH & Co. KG, Sulzfeld,174

Germany: 16:8 hr light/dark cycle, < 60 lux inside the cages; animal hous-175

ing facility of the Institute of Laboratory Animal Science, University Hospi-176

tal RWTH Aachen, Aachen, Germany: 12:12 hr light/dark cycle, < 100 lux177

inside the cages) with food and water available ad libitum. All animals178

were obtained from Charles River Laboratories GmbH & Co. KG, Sulzfeld,179

Germany ("https://www.criver.com/products-services/�nd-model/jax-c57bl6j-180

mice?region=23").181
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Anesthesia 182

For all experimental procedures (UV irradiation, sd-OCT, �ERG) the animals 183

were anesthetized with an intraperitoneal injection of a mixture of xylazine 184

(10mg/kg Xylazin 2% Bernburg®, Medistar, Ascheberg, Germany) and ke- 185

tamine (60mg/kg Ketamin® 10%, CEVA, Düsseldorf, Germany), 1:10 diluted 186

in saline. For longer anesthesia periods, 0.05ml of the ketamine-xylazine mix- 187

ture were applied subcutaneously in the lumbar region every 20 minutes. The 188

animals were kept on a heated plate at 37 °C during anesthesia to maintain body 189

temperature. When the animals were euthanized at the end of the experiment, 190

they were decapitated in deep ketamine/xylazine anesthesia. 191

Ray Tracing Simulation 192

The ray tracing simulation was performed at the Chair for Technology of Op- 193

tical Systems (TOS; Chair: Prof. Dr. rer. nat. Loosen), using "Zemax Optic 194

Studio" (15.5 SP2, ZEMAX LLC., Kirkland, WA, USA). The Light-Emitting 195

Diode (LED) we used for our experiments (370 nm LED Area Light, ProPho- 196

tonix Ltd., Salem, NH, USA) was characterized for its power at 1 cm, 5 cm 197

and 10 cm distance, using a UV sensor (UV-sensor SI1 for UV LED 395 nm, 198

20mW/cm² + Handheld HI1 for UV sensors, UV-Technik Meyer GmbH, Or- 199

tenberg, Germany). Data on the optical properties of the mouse eye, collected 200

from di�erent sources were provided, to determine the beam path within the 201

eye [39, 40, 41]. A standard plano-convex lens (LA1274-A-N-BK7 Plano-Convex 202

Lens, �=30.0mm, f= 40.0mm, AR Coating: 350-700 nm; Thorlabs Inc., New- 203

ton, NJ, USA) was inserted in the simulated beam path at di�erent distances 204

and the illuminated retinal area was evaluated for size and homogeneity. The 205

LED array was equipped with a heat sink (LED Area and Spot Light Heat Sink, 206

ProPhotonix Ltd.) and a current controller (DC current controller, 0.75A, 24V 207
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output, StockerYale Inc., Salem, NH, USA; operated at 0.4A) and was addi-208

tionally cooled with a standard table fan.209

UV Irradiation210

Before each irradiation, the UV light (AF1-370-IXF-100, Edmund Optics211

GmbH, Mainz, Germany; peak emission 370 nm ± 9 nm) was tested with a UV212

sensor (UV-sensor SI1 for UV LED 395 nm, 20mW/cm² + Handheld HI1 for UV213

sensors, UV-Technik Meyer GmbH, Ortenberg, Germany) for correct intensity214

and possible heat generation (Checktemp® I Digital Thermometer - HI98509,215

Hanna Instruments Deutschland GmbH, Vöhringen, Germany). For the UV216

irradiation of the left eye, the anesthetized mouse was repeatedly treated with217

mydriatic eye drops (phenylephrin 2.5 g in 10ml, tropicamide 0.5 g in 10ml, pre-218

pared by the pharmacy of the University Hospital Aachen, Aachen, Germany),219

as well as with local anesthetics (Proxymetacaine hydrochloride eye drops 0.5 �;220

Proparakain-POS®, Ursapharm, Saarbrücken, Germany). The right control221

eye was treated with Bepanthen® eye ointment (5 � dexpanthenol, Bayer Lev-222

erkusen, Leverkusen, Germany) to prevent irritation and to block scattered UV223

light. The control eye was always turned in the opposite direction of the light224

source and was additionally covered by tissues. The mouse was then placed on225

a foam bed on a heating plate and the distance and alignment were adjusted:226

distance from LED housing to lens= 1mm; distance from lens to cornea= 1 cm.227

During the dose escalation study, the eyes were irradiated with 2.8 - 9.3 J/cm²228

and regularly moisturized with saline during the irradiation. After irradiation,229

macroscopic images of both eyes were taken. To avert pain, animals were given230

a subcutaneous injection of 5mg/kg Rimadyl® (carprofen 50mg/mL, P�zer231

Deutschland GmbH, Orth a.d Donau, Germany), 1:50 diluted in physiological232

saline. After irradiation and the following three days, the irradiated left eyes233
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�tted to the data, using unstructured as covariance structure. Test results were 277

considered statistically signi�cant when p<0.05, while we adjusted for multi- 278

plicity with Holm-Sche�e procedure. Post-hoc tests compared the treated and 279

untreated eyes for �xed points in time and the points in time among each other 280

separately for both eyes. 281

Macroscopy 282

Macroscopic images were taken with a Canon EOS 700D (Canon Inc., Ota, 283

Tokio, Japan) using a macro lens (EF-S60mm f/2.8 MACRO USM) and a 284

mounted ring �ash (15ms-1, Metz mecatech GmbH, Zirndorf, Germany) for 285

uniform illumination. 286

Hematoxylin and Eosin Stainings 287

H&E stainings were performed according to the protocol by Rösch et al. [42, 43]. 288

In brief, the eyes were enucleated, punctured twice at the ora serrata and �xated 289

for 30 minutes in 4 � paraformaldehyde (PFA) at room temperature (RT). The 290

eyes were transferred to 70 � ethanol and then dehydrated in a tissue dehydra- 291

tion automat (MTM, SLEE, Mainz, Germany) by incubation in a graded alcohol 292

series (2x 70 �, 2x 96 �, and 3x 100 � for 1 hour), followed by xylene (3x 1 hour) 293

and para�n (4x 1 hour). After that, eyes were embedded in para�n and 5 µm 294

thick sections were cut with a microtome (Sliding microtome pfm Slide 4003 E, 295

pfm medical AG, Cologne, Germany). Sections were collected in a 50 °C water 296

bath (pfm waterbath 1000, pfm medical AG, Cologne, Germany) and gathered 297

on slides. Sections were then dried overnight at 37 °C, depara�nated, rehy- 298

drated and stained with hematoxylin and eosin. Sections were embedded in 299

Vitro-Clud® (R. Langenbrinck GmbH, Labor- und Medizintechnk, Emmendin- 300

gen Germany) and pictures were taken with a Leica DM IRB microscope (Leica 301
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Camera AG, Wetzlar, Germany) with a Hitachi HV-C20A camera (Hitachi Ltd.,302

Chiyoda, Tokio, Japan).303

Immunohistochemistry304

Immunohistochemistry (IHC) stainings were performed according to the proto-305

col by Mataruga et al. [44]. After �xation in 4% PFA and cryoprotection in306

sucrose solution the retina was isolated from the eye cup and the irradiated area307

with surrounding intact tissue cut out. 18 µm thick vertical sections were cut.308

The following stainings were used: anti-protein kinase C alpha (PKCαrb), anti-309

calcium binding protein 28K (CabPms), anti-calretinin (Calgt AB1550), anti-310

recoverin (Recrb, Ab5585), anti-HCN1 (HCN1rt , RTQ-7C3), anti-rhodopsin311

(Rhoms 1D4), anti-glial �brillary acid protein (GFAPch), anti-glutamine syn-312

thetase (GSms), lectin peanut agglutinin (PEA, biotinylated), anti-CD11b313

(CD11brt), anti-Go-alpha (Goαms), anti-HCN4 (HCN4rt 1A4), anti-PKA RIIb314

(PKAms), anti-piccolo (Piccologp), anti-mGluR6 (mGluR6rb). Combinations of315

used primary and secondary antibodies can be found in the Supplementary Ma-316

terial, Table 3, as well as dilutions and antibody sources.317

In some cases, stainings were supplemented with nuclear staining by TO-318

PRO®3 (TO-PRO®3 Iodide, Thermo Fisher Scienti�c). TO-PRO®3 (diluted319

1:1000) was added to the secondary antibody incubation.320

Sections were embedded in Aqua Polymount and examined with a Leica TCS321

confocal laser scanning microscope (Leica Microsystems, Heidelberg, Germany)322

with oil immersion lenses (x63/1.4). Di�erent �uorescence channels were323

scanned sequentially to minimize crosstalk. Images of single confocal planes324

or stacks of images collapsed in the maximum projection mode were processed325

in ImageJ (ImageJ 1.45s, Wayne Rasband, National Institutes of Health, USA;326

RRID:SCR_003070) with the Bio-Formats add-on (ImageJ 1.45s; Bioformats327
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5.0.4; RRID:SCR_000450). 328

MEA Recordings 329

The "tissue preparation" and "MEA recordings and electrical stimulation" pro- 330

tocols from Haselier et al. were followed [45], except that the poly-D-lysine 331

hydrobromide treatment was not performed. Stimulus parameters used and 332

respective responses can be found in the Supplementary Material. 333

The MEA with the attached retina was placed in the MEA2100-System 334

(Multi Channel Systems MCS GmbH). The retina was immediately perfused 335

with constantly carbogenated AMES' medium at a perfusion rate of 3-4ml/min 336

with a VC(3)-perfusion system (ALA Scienti�c Instruments, Farmingdale, NY, 337

USA) and a peristaltic pump (Gilson Inc., Middleton, WI, USA). Recordings 338

were started after an acclimatization phase of 20 minutes minimum. 339

MEA Analysis 340

Oscillations: For the evaluation of oscillatory potentials, a 50Hz lowpass 341

�lter was applied to the raw data in MC-Rack. Files were then converted 342

to a .txt �le with the MC-DataTool (2.6.15, Multi Channel Systems MCS 343

GmbH, Reutlingen, Germany). A Fast Fourier Transformation (FFT) was 344

performed with a custom MATLAB (R2016a, The MathWorks Inc., Natick, 345

MA, USA) script (written by Dr. Janis Brusius, Institute of Complex Systems 346

8, Forschungszentrum Jülich, Germany). Dominant frequencies of one animal, 347

measured at di�erent electrodes, were taken into account for the calculation of 348

a median. The medians of single animals from one group (5d, 6w, 8w, 12w, 349

respectively; one median per animal) were then treated as single measurements 350

and used for unpaired t-tests to compare the four groups (5d, 6w, 8w, 12w). 351

352
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4. This could be observed in sd-OCT scans as well as in H&E stainings. Based 367

on H&E stainings, sd-OCT InRe images and MEA recordings from irradiated 368

retinae, the diameter of the irradiated retinal area was estimated to be approx. 369

1500 µm at dosages between 6.5 J/cm² and 9.3 J/cm². The light beam was not 370

always exactly centered on the optic nerve head, which was especially visible 371

at lower dosages where the diameter of the degenerated area was smaller (see 372

Figure 3 A). 373

Since we did not want to risk damage to the inner retinal layers and/or the 374

RPE with even higher dosages [46, 47, 33] but rather aimed for a large area 375

with degenerated PRs we decided that the ideal dosage of UV radiation lay 376

between 6.5 J/cm² and 9.3 J/cm², primarily based on H&E stainings, that al- 377

lowed the most detailed impression. Hence, we performed irradiations in the 378

characterization study with 7.5 J/cm². 379

We found that neovascularization of the cornea could arise if the eye was 380

moisturized with saline during irradiation. The treatment of neovascularization 381

with Isopto-MAX® eye ointment did not always lead to an improvement, 382

probably due to the fact that the mice were trying to clean o� the ointment 383

immediately after application, thereby further irritating the eye. Neovascular- 384

ization of the mouse cornea after UV irradiation has been observed before by 385

Vangsted, who reported that long-term irradiation with a maximum dosage of 386

320 J/cm² led to a similar e�ect as observed in our dose escalation study [48]. 387

Occurrence of neovascularization was not dependent on UV dosage (Figure 388

3 C-F), thus, we assumed that the precorneal �lm could not be maintained 389

su�ciently by saline application. Dry eye is known to lead to neovascularization 390

[49]. 391

In the following experiments, Methocel® � that has a very similar refractive 392

index as the cornea (Methocel®: 1.336 [50]; mouse cornea: 1.3 [40]) � was 393

15

















only b-wave responses were evaluated, since a-wave responses were barely de- 464

tectable. For mesopic �ERGs, a- and b-wave responses were analyzed. 465

The rod driven response of ON-bipolar cells, as represented by the b-waves un- 466

der scotopic conditions [51], was reduced at all points in time after irradiation. 467

However, even 12w after irradiation, a small response persisted that most likely 468

originated from the non-irradiated retina (Figure 7 A, B). 469

The mesopic response represents a rod-dominated combined signal from PRs 470

(a-wave) and ON-bipolar cells of both, rod and cone system (b-wave) [52] (Fig- 471

ure 7 A, C1, C2). 472

Photopic responses represent cone activity, with a-waves representing cones with 473

post-receptoral ON-bipolar cells (b-waves) [52]. A-waves were very small or un- 474

detectable in our data and therefore not further evaluated (Figure 7 A, D). 475

An unexpected feature was the drop in a- and b-waves in both treated and 476

untreated eyes 5d after irradiation, with amplitudes considerably lower than at 477

later points in time (Figure 7 B, C1, C2). There also was the tendency for am- 478

plitudes of untreated eyes to slightly decrease over the course of twelve weeks. 479

The multivariable analysis revealed that the tested covariables point in time, 480

eye, and interaction between point in time and eye had a statistically signi�cant 481

e�ect on the outcome �ERG for scotopic and mesopic �ERGs. The tested co- 482

variable baseline was only signi�cant for scotopic b-wave, but not for photopic 483

b-wave or mesopic a- and b-wave (see Table 2). The conducted post-hoc tests 484

comparing treated and untreated eyes for �xed points in time and comparing 485

points in time separately for each eye suggested signi�cant di�erences for all 486

comparisons between treated and untreated eyes at the same point in time (ex- 487

ception: 12w in photopic measurements). In the comparison of 5d and 1w in the 488

untreated eye, a signi�cant di�erence was found as well (exception: photopic 489

measurements), but all other comparisons suggested that there are no signi�- 490
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cant di�erences. All comparisons with exact p-values (after Sche�e adjustment)491

are stated in Supplementary Material Table 4-2.492
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Figure 7: ...cont. from previous page
B: Before irradiation (0d, baseline) n= 28 untreated and treated eyes were
included, each. 5d, 4w and 6w after irradiation: n= 7 untreated and treated
eyes; 1w and 2w after irradiation: n= 6 untreated and treated eyes; 8w after
irradiation: n= 14 untreated and treated eyes; 12w after irradiation: n= 8
untreated and treated eyes; C1 and C2: 0d, baseline: n= 30 untreated and
treated eyes; 5d, 1w, 2w, 4w, and 6w after irradiation: n= 7 untreated and
treated eyes; 8w after irradiation: n= 14 untreated and treated eyes; 12w after
irradiation: n= 8 untreated and treated eyes. D: 0d, baseline: n= 28
untreated and n=27 treated eyes were included. 5d after irradiation: n= 6
untreated and treated eyes; 1w after irradiation: n= 6 untreated and n=7
treated eyes; 2w after irradiation: n= 5 untreated and treated eyes; 4w and 6w
after irradiation: n= 7 untreated and treated eyes; 8w after irradiation: n= 11
untreated and treated eyes; 12w after irradiation: n= 8 untreated and treated
eyes; No signi�cant di�erences were found in comparisons between points in
time of untreated eyes, except for the comparison 5d vs. 1w. Within treated
eyes, no signi�cant di�erences were found between the di�erent points in time
(ignoring baseline, 0d). Untreated and treated eyes did not di�er at 0d
(baseline), but showed signi�cant di�erences at all other points in time.
Di�erent animal numbers for the recordings were the result of disturbances
during single measurements. Those recordings were excluded from the data set
and therefore altered the animal numbers. **** p ≤ 0.0001; *** p ≤ 0.001;
** p ≤ 0.01; * p ≤ 0.05; ns p > 0.05. Exact p-values (after Sche�e
adjustment) are stated in Supplementary Material Table 4-2.
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ERG E�ect DF p-value
b-wave scotopic Point in time 6 0.0004
b-wave scotopic Eye 1 < 0.0001
b-wave scotopic Baseline 1 0.0099
b-wave scotopic Point in time * Eye 6 < 0.0001

a-wave mesopic Point in time 6 0.0016
a-wave mesopic Eye 1 < 0.0001
a-wave mesopic Baseline 1 0.5239
a-wave mesopic Point in time * Eye 6 < 0.0001

b-wave mesopic Point in time 6 0.0006
b-wave mesopic Eye 1 < 0.0001
b-wave mesopic Baseline 1 0.3580
b-wave mesopic Point in time * Eye 6 0.0003

b-wave photopic Point in time 6 0.2284
b-wave photopic Eye 1 < 0.0001
b-wave photopic Baseline 1 0.6126
b-wave photopic Point in time * Eye 6 < 0.0567

Table 2: Type 3 tests of �xed e�ects for ERG measurements -
multivariable analysis
The di�erent points in time, as well as both eyes and the interaction between
point in time and eye di�er signi�cantly according to type 3 tests of �xed
e�ects. DF=degrees of freedom.

Immunohistochemistry 493

In general, the time course of PR degeneration observed in IHC matched that 494

observed in sd-OCT. Furthermore, in none of the stainings we detected clear 495

di�erences between sections from 6w, 8w and 12w, indicating that most of the 496

remodeling process is completed 6w after irradiation at the latest and that only 497

minor changes might occur later on. 498

Please note that for measurements at 1d, 2d and 4d only one animal was 499

examined each. Although the data of those animals is not reliable (n=1), it is 500

described here as exemplary data. 501

Stainings shown in Figure 8 were performed with the same antibody combi- 502

nations that we have used in previous work on retinae of rd10 mouse [42] and 503
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of MNU-treated mice [43], enabling us to compare the histology of the three504

models.505

We observed a sharp transition between irradiated and non-irradiated retina 5d506

after irradiation (Figure 8, arrow). In the irradiated area, the ONL was strongly507

reduced in thickness and no intact outer segments (OSs) were observed in the508

staining against recoverin and rhodopsin (green, blue). Only some remains of509

rod OSs and end feet were found (green). In TO-PRO®3 stainings (labeling of510

nucleic acids) 5d after irradiation the nuclei of remaining PRs looked altered511

(data not shown), probably due to DNA disorganization, induced by oxidative512

stress (see discussion).513

GFAP immmunoreactivity (Figure 8, green) revealed that Müller cells were514

reactive, typical for the onset of PR degeneration. In short term retinae515

(1-5 days after irradiation), the tissue appeared softer and more vulnerable,516

compared to later stages, making preparation and sectioning di�cult (note that517

tissue preservation was not optimal in the 5d sections: The tissue was �xed518

just as the samples of later points in time, but was more di�cult to handle as519

it was softer and more unstable).520

At 6w, in the treated area, rod bipolar cells (anti-PKCα, green) had lost their521

dendrites but seemed otherwise intact, amacrine cells labeled against calretinin522

(blue) seemed normal (Figure 8). The characteristic strati�cation observed in523

the calretinin staining (three bands in the inner plexiform layer (IPL)) was524

preserved in irradiated retinae at all points in time (5d and 6w in Figure 8).525

Horizontal cells (strongly magenta labeled cells at the outer margin of the526

Inner Nuclear Layer (INL)) were missing in the irradiated area. Only punctate527

recoverin staining was observed while rod OSs labeled against rhodopsin and528

recoverin appeared healthy in the neighboring untreated area (Figure 8). Müller529

cell reactivity was over, indicated by their low GFAP expression.530
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531

We detected large round structures that we called "basophilic inclusions" 532

based on their appearance in H&E stainings (see Figure 3 A, B, [B], crosses). 533

They were located in the outermost row of the INL, reminiscent of swollen 534

somata (asterisks in Figure 9 B, C). They appeared blue in H&E stainings 535

and were completely labeled by TO-PRO®3, suggesting that they contained 536

DNA, however, no nucleus could be identi�ed. The structures were circular 537

and up to �ve times the size of bipolar cell somata (compare bipolar cells and 538

"basophilic inclusions" in Figure 9 C). They were not labeled with antibod- 539

ies against recoverin (PRs) or CabP (horizontal cells), persisted for at least 540

up to 12w after irradiation and did not seem to change in size, shape or position. 541

542

Figure 9 A shows a staining of rod bipolar cells (anti-PKCα, green) and all 543

ON bipolar cells (anti-Goα, magenta) 6w after irradiation. In the irradiated 544

area, bipolar cell dendrites were missing. In the immediate neighborhood of 545

the intact area, dendrites of ON bipolar cells were strongly elongated (arrows) 546

indicating a reaction of bipolar cells close to the transition zone. We did not 547

observe this e�ect in type 3a and type 3b OFF cone bipolar cells. 548

549

Figure 9 D-E shows the organization of PR end feet. In untreated 550

retina, three components can be observed at each rod end foot (anti-PSD95, 551

blue: plasma membrane; anti-piccolo, magenta: ribbon; anti-mGluR6, green: 552

mGluR6 on postsynaptic bipolar cell dendrites). 5d after irradiation, only a 553

small fraction of synapses was left. While some endfeet still appeared normal, 554

others were disorganized. 555
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Figure 9: ...cont. from previous page
C: treated eye 6w after irradiation; D: untreated eye 5d after irradiation; E:
treated eye 5d after irradiation.
Abbreviations as in Figure 8. White arrows indicate location of transition
from intact to irradiated retina, where both are present in one picture.
Asterisks indicate positions of "basophilic inclusions". Magenta arrows
highlight dendrites of bipolar cells..

MEA Recordings556

In the isolated retina, the irradiated area could be readily distinguished from557

normal retina by sight (Figure 10 A-C). The electrophysiological recordings558

of spontaneous activity revealed a strikingly clear transition from irradiated559

to non-irradiated areas (Figure 10 D). While the intact areas showed activity560

typical for wildtype (WT) retina, irradiated areas displayed oscillations similar561

to those observed in rd1 or rd10 retina [53, 54, 55, 56] (Figure 10 D, E). For a562

direct comparison, see Supplementary Material Figure 13.563

564

We observed mean oscillatory frequencies of 6.0Hz at 5d, 4.8Hz at 6w,565

5.1Hz at 8w and 5.0Hz at 12w after irradiation. The cumulated mean of566

all groups was 5.2Hz (Figure 10 F). A signi�cant di�erence was only found567

between oscillatory frequencies at 5d, compared with frequencies at 6w. Reti-568

nae of treated eyes were also tested for light-evoked and electrically-evoked569

responses (see Supplementary Material).570

571
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Figure 10: ...cont. from previous page
A: isolated retina with vitreous removed. B: isolated retina attached to
nitrocellulose paper frame. C: isolated retina on frame attached to MEA
(ganglion cells facing electrodes). Arrows in A, B and C indicate the border of
the irradiated retinal area. D: raw data of MEA recording. Blue line indicates
border between electrodes covered with intact area (left) and irradiated area
(right). Asterisks indicate electrodes covering the optic nerve head. E: 50Hz
lowpass �ltered data of the recording depicted in D, left column with
electrodes from intact area, right column with electrodes from irradiated area.
F,G: FFT analysis (G) of irradiated area and box-whisker plot and statistical
analysis (F) of dominant oscillatory frequencies from retinae isolated 5d, 6w,
8w and 12w after irradiation; all = cumulated data of all four groups; unpaired
t-test was performed to compare groups; * p ≤ 0.05. Only signi�cant
di�erences were visualized, all other comparisons were not signi�cant.

Discussion572

We aim for the establishment of a UV-induced PR degeneration model in the573

rabbit to provide for a unilateral large-eye model of RP. As a �rst step, we574

established and characterized such a model in the mouse, allowing for a direct575

comparison with the genetic mouse model rd10, which is an acknowledged576

model for RP.577

578

Please note that the results presented here were obtained from female mice579

only. It is possible that there is a gender speci�c e�ect that we missed due to580

our experimental setup.581

582

In general, irradiated areas of treated eyes showed very similar characteristics583

as rd10 retinae in sd-OCT scans, IHC, and MEA recordings (compare [42, 57,584

58, 55]).585

A striking feature of the UV-induced model was the sharp border between586

degenerated and intact areas of the retina in treated eyes. This was observed587
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old at 12 weeks after irradiation. The decline in amplitude in �ERG recordings615

in Rösch's work took place between postnatal week 12 and 24, coinciding with616

the slight decrease in amplitude in control eyes of our study.617

618

While PRs degenerated within a short time after irradiation, no major619

changes were observed in other cell types, except for the rapid loss of horizontal620

cells in the UV-induced model (Figure 8). In the rd10 mouse, horizontal cells621

remain intact up to PNW 24 [42], but at nine months of age, approx. 29 � of622

horizontal cell somata are lost [57]. In the MNU-induced model, a di�erence623

in horizontal cell survival was found between intraperitoneal and intravitreal624

injection: After systemic administration of MNU and subsequent death of625

PRs, horizontal cells lost their dendrites, but stayed intact otherwise. After626

intravitreal application, horizontal cells disappeared completely at those retinal627

sites, at which PRs had completely degenerated [43]. Probably, horizontal cells628

are more susceptive to neurotoxic situations than other retinal cells. We cannot629

rule out that, besides the loss of synaptic input, direct e�ects, e.g., oxidative630

stress, a�ect the survival of horizontal cells.631

632

We can only speculate about the nature of the "basophilic inclusions", since633

we did not focus on their detailed characterization. They were not living cells,634

since we could not �nd nuclei within them. It is tempting to speculate that635

they originated from dead horizontal cells or PRs, yet they were negative for636

CabP and recoverin. However, we cannot rule out that these markers were637

degraded during degeneration. Cideciyan et al. discovered similar structures638

(termed "pyknotic nuclei") in their light exposed rhodopsin mutant dog retinae639

[21].640

641
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Supplementary Material908

Dosage Calculation909

The corneal irradiance was calculated based on the speci�cations of the LED910

array: Illumination diameter FWHM at working distance of 100mm=46.5mm;911

irradiance at 100mm=106W/m² (=̂ 0.106mW/mm²). With the total distance912

of 20mm from LED array to corneal surface in our setup, we calculated the light913

cone diameter at that distance (= 37.3mm) with trigonometry. With the light914

cone diameter, the illuminated area at 100mm was calculated (= 1698mm²)915

and multiplied with 0.106mW/mm², resulting in a power of 180mW. To get916

the intensity at 20mm distance, the calculated power was divided by the917

illuminated area at 20mm (=1092mm²), resulting in 16.47mW/cm². To get918

the time of irradiance for a certain dosage, the dosage (e.g., 7.5 J/cm²) was919

multiplied with the area at 20mm distance of 1092mm², resulting in an energy920

of 81.9 J in this example. This energy divided by the power at 20mm distance921

(16.47W) equals a time of 497 s (=̂ 8 minutes and 17 seconds).922

923

Antibodies924

The antibodies used in this study as well as the dilution they were applied in925

and the source they wer acquired from are stated in the table below.926
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Point Estimates and p-values of OCT and ERG Statistics930

Point in time Eye Point Estimate [µm] SD [µm]
5d untreated 215.6 2.2
5d treated 161.8 2.2
1w untreated 216.7 2.2
1w treated 128.4 2.0
2w untreated 214.9 2.2
2w treated 108.9 2.0
4w untreated 217.5 2.2
4w treated 108.6 2.0
6w untreated 217.5 2.2
6w treated 104.7 2.0
8w untreated 215.7 1.4
8w treated 108.3 1.5
12w untreated 215.9 2.0
12w treated 108.0 2.0

Table 3-1: Point Estimates of sd-OCT measurements of the whole
retina and Standard Deviations
SD=Standard Deviation. See Figure 5 B for the corresponding plot.

Point in time Eye p-value
5d untreated vs. treated < 0.0001
1w untreated vs. treated < 0.0001
2w untreated vs. treated < 0.0001
4w untreated vs. treated < 0.0001
6w untreated vs. treated < 0.0001
8w untreated vs. treated < 0.0001
12w untreated vs. treated < 0.0001
5d vs. 1w treated < 0.0001
5d vs. 2w treated < 0.0001
5d vs. 4w treated < 0.0001
5d vs. 12w treated < 0.0001
1w vs. 2w treated < 0.0001
1w vs. 4w treated < 0.0001
2w vs. 4w treated 0.9970
4w vs. 6w treated 0.6828
4w vs. 8w treated 0.9970
4w vs. 12w treated 0.9970

Table 3-2: Exact p-values of comparisons between measured overall
retinal thickness from sd-OCT scans
p-values after Sche�e adjustment. See Figure 5 B for the corresponding plot.
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Point Estimate [µV] ±SD [µV]
Point in time Eye B C1 C2 D
5d untreated 160.9 ±11.9 186.4 ±16.4 394.8 ±28.1 89.9 ±8.8
5d treated 70.5 ±11.6 101.2 ±15.8 160.8 ±27.7 41.5 ±8.6
1w untreated 246.2 ±11.5 304.1 ±14.8 608.3 ±27.2 111.8 ±6.9
1w treated 87.9 ±11.4 125.0 ±14.6 218.6 ±26.8 45.0 ±6.8
2w untreated 215.8 ±11.5 266.1 ±14.8 559.9 ±27.2 111.7 ±7.5
2w treated 89.6 ±11.4 132.0 ±14.6 239.0 ±26.8 46.4 ±8.2
4w untreated 215.5 ±10.7 275.1 ±14.8 530.6 ±27.2 112.3 ±6.5
4w treated 102.0 ±10.6 142.7 ±14.6 236.9 ±26.8 54.3 ±6.8
6w untreated 197.5 ±10.7 264.4 ±14.8 546.7 ±27.2 96.4 ±6.5
6w treated 86.7 ±10.6 133.8 ±14.6 242.9 ±26.8 47.3 ±6.8
8w untreated 198.1 ±7.5 254.4 ±10.4 500.9 ±19.0 102.6 ±5.0
8w treated 131.4 ±7.5 177.6 ±10.3 300.9 ±19.2 55.9 ±5.1
12w untreated 188.7 ±9.9 236.0 ±13.4 505.3 ±24.7 87.1 ±5.9
12w treated 118.7 ±9.9 154.1 ±13.3 296.3 ±25.0 55.6 ±6.0

Table 4-1: Point estimates and standard deviations (SD) of a- and
b-waves from �ERGs
Column B, C1, C2 and D correspond to the respective plots in Figure 7.

p-value
Point in time Eye B C1 C2 D
5d untreated vs. treated 0.0008 0.0121 < 0.0001 0.0281
1w untreated vs. treated < 0.0001 < 0.0001 < 0.0001 < 0.0001
2w untreated vs. treated < 0.0001 < 0.0001 < 0.0001 0.0005
4w untreated vs. treated < 0.0001 < 0.0001 < 0.0001 0.0002
6w untreated vs. treated < 0.0001 < 0.0001 < 0.0001 0.0016
8w untreated vs. treated 0.0002 0.0005 < 0.0001 0.0001
12w untreated vs. treated 0.0048 0.0088 < 0.0001 0.0644
5d vs. 1w untreated 0.0048 0.0044 0.0017 0.8909
5d vs. 12w untreated 0.3982 0.3908 0.2053 0.9988
1w vs. 2w untreated 0.3982 0.3908 0.3650 0.9988
1w vs. 4w untreated 0.3982 0.3908 0.2839 0.9988
1w vs. 6w untreated 0.1271 0.3908 0.3650 0.8909
1w vs. 8w untreated 0.1084 0.3711 0.1767 0.9504
1w vs. 12w untreated 0.0923 0.1784 0.2053 0.5370
5d vs. 1w treated 0.3982 0.3908 0.3650 0.9988
5d vs. 12w treated 0.1271 0.3711 0.1102 0.9225

Table 4-2: Exact p-values of comparisons between recorded a- and
b-waves from �ERGs
p-values after Sche�e adjustment. Column B, C1, C2 and D correspond to the
respective plots in Figure 7.
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IHC Stainings of Microglia 931

During the time span of PR degeneration, we observed a strong in�ltration of 932

the illuminated area by microglia (Figure 12). Their number reached a peak 933

at 4d and 5d after irradiation. In combined CD11b and TO-PRO®3 stainings 934

(data not shown), microglia cells appeared around "basophilic inclusions" (see 935

also Figure 9 C). 936
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where a spike sorting was performed based on the action potentials' slope. The955

spike sorted data were imported into NeuroExplorer (4.125, Nex Technologies,956

Madison, AL, USA) and spike frequencies 5 s before and 500ms after stimulus957

application were compared in perievent histograms. Frequency ratios (= spike958

frequency 500ms after stimulus divided by spike frequency 5 s before stimulus)959

were calculated for further evaluation. In treated eyes, data were sorted into960

channels that were covered with irradiated retina and channels that were cov-961

ered with intact retina. Means were calculated from these categories from each962

animal. In untreated eyes, a categorization was not necessary. Electrical stimu-963

lation intensities were categorized into three subsets, according to the amplitude964

of the stimulation current. Comparisons within one subset (same stimulation965

current, comparison between degenerated and intact retina of one treated eye)966

were performed with paired t-tests, comparisons between subsets (untreated967

eyes and degenerated or intact areas of treated eyes remained constant; com-968

parison between stimulation currents) were performed with paired t-tests and969

comparisons between untreated and treated (irradiated or intact area) eyes were970

compared via unpaired t-tests. The data of treated eyes from mice whose un-971

treated eyes were used for analysis, were excluded from the analysis of treated972

data sets, in order to perform unpaired t-tests.973

Light Stimulation: For light stimulation analysis, the same procedure as974

for electrical stimulation was used. Spike frequencies were compared 10 sec-975

onds before, and 1 second after the stimulus and evaluated in NeuroExplorer.976

Again, frequencies of single channels of one animal were summarized as a mean977

value, after categorization into electrodes covered with irradiated/degenerated978

and electrodes covered with intact retina. Paired t-tests were performed with979

data from irradiated vs. intact areas, unpaired t-tests were performed with980

treated vs. untreated eyes.981
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Results 982

We recently reported that stimulation e�ciency was lower in degenerated retina 983

than in WT retina [45]. We expected that intact areas of retinae from treated 984

eyes would respond to electrical stimulation similar to retinae from untreated 985

eyes and that irradiated areas would be more di�cult to stimulate (compare 986

[45]). We grouped our experiments according to the amplitude of stimulation 987

currents (3-5 µA, 6-17 µA, 20-35 µA). The responses to 3-5 µA were generally 988

lower than to higher currents, although the di�erence was highest in retinae 989

from untreated eyes (Figure 14). However, note that in some cases data of only 990

two animals could be included. Highest stimulation responses were achieved 991

with 20-35 µA in untreated eyes compared with lower stimulation currents 992

(mean frequency ratio: 6.9 at 3-5 µA, 18.0 at 6-17 µA, 22.4 at 20-35 µA). Sig- 993

ni�cant di�erences in the frequency ratios after stimulation with 30-35 µA were 994

found between untreated eyes vs. irradiated areas of treated eyes (p≤ 0.001) 995

and untreated eyes vs. intact areas of treated eyes (p≤ 0.05). 996

In summary, the responses of untreated eyes were generally higher than those 997

of treated eyes � irradiated or intact � although intact areas of treated eyes had 998

the tendency to a higher frequency ratio than irradiated areas of treated eyes. 999

1000
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In light stimulation experiments there was a tendency for intact areas of 1001

treated eyes to respond better to light stimulation than irradiated areas of 1002

treated eyes. As in the electrical stimulation experiments, the intact area of 1003

treated eyes did not respond as strongly as untreated eyes. Even in irradiated 1004

areas of treated eyes, sometimes strong bursts of action potentials were found 1005

that correlated with the light stimulus (data not shown). They might re�ect 1006

spontaneously occurring bursts that coincided with the light stimulus. Alterna- 1007

tively, as the irradiated area was close to the optic nerve head, light responses 1008

observed in this area might have been recorded from pervading axons of ganglion 1009

cells residing in the untreated area. 1010
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