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Abstract 32 

Purpose: To develop and characterize a feline model of retinal degeneration 33 

induced by intravitreal injection of adenosine tri-phosphate (ATP). 34 

Methods: 19 normally sighted adult cats received 100 µL intravitreal injections of 35 

ATP with a final concentration of 11 mM, 22 mM or 55 mM at the retina. Four 36 

animals were sacrificed 30 hours after injection and retinal sections examined for 37 

apoptosis using a TUNEL cell death assay. In remaining animals, structural and 38 

functional changes were characterized over a 3 month period using a combination of 39 

electroretinography (ERG) and optical coherence tomography (OCT). 40 

Results: Using a TUNEL cell death assay, we detected widespread photoreceptor 41 

death 30 hours after injection with 55 mM intravitreal ATP. All concentrations of ATP 42 

caused loss of retinal function and gross changes in retinal structure within 2 weeks 43 

of injection. Intravitreal injection of ATP lead to a rapid loss of rod photoreceptor 44 

function and a gradual loss of cone photoreceptor function within 3 months. Outer 45 

nuclear layer thickness was globally reduced by 3 months, with the inner nuclear 46 

layer including the retinal nerve fiber layer remaining intact. Structural abnormalities 47 

were observed including focal retinal detachment with evidence of both intravitreal 48 

and intraretinal inflammation in some eyes. 49 

Conclusions: Development of an ATP-induced feline model of retinal degeneration 50 

provides a rapid and effective large-eyed animal model for research into vision 51 

restoration. 52 

 53 

Key words: Retinitis pigmentosa, animal model, feline, photoreceptor, retinal 54 

degeneration 55 
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Introduction: 56 

Photoreceptor death accounts for more than 50% of cases of blindness, contributing 57 

to the disease progression of inherited retinal degenerations such as Retinitis 58 

pigmentosa (RP)1 and Age Related Macular Degeneration. Although the underlying 59 

cause(s) of photoreceptor death varies in these conditions, they are characterised by 60 

progressive loss of photoreceptors with functional and structural changes occurring 61 

at later stages in the inner retina2-6. Over recent years there have been significant 62 

advances in the development of visual restorative therapies including photoreceptor 63 

transplantation, gene therapy, optogenetic approaches and electronic implantable 64 

devices7-10. Animal models are an essential part of this research as they allow for 65 

proof of principle and the testing of safety and efficacy for new technologies, such as 66 

visual prostheses11, 12.  67 

 68 

Development of restorative strategies benefit from the use of animal models that 69 

mimic the anatomical size and structure of a human eye11. Many such animal 70 

species develop inherited retinal degenerations including Abyssinian cats13, 14, Briard 71 

dogs15, 16, and Irish setters17. In addition, transgenic pigs and rabbits have been 72 

developed18-20. Studies using these animals are limited by availability, high cost and 73 

often slow rate of photoreceptor loss. Pharmacological methods of retinal 74 

degeneration such as sodium iodate21,  N-methyl-N-nitrosourea22 (MNU) and 75 

adenosine tri-phosphate23, 24 (ATP) may provide an alternative approach as they 76 

tend to have a faster time-course and are cheaper than comparable transgenic 77 

models. To this end we decided to pursue the development of an ATP-induced 78 

model of photoreceptor degeneration in cat via intraocular injection as this would 79 
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allow us to selectively reduce vision in one eye of the animal without any systemic 80 

side effects. 81 

 82 

ATP is ubiquitous within the body and acts as an intracellular energy transport 83 

molecule. In the central and peripheral nervous system extracellular ATP also acts 84 

as a neurotransmitter25. ATP activates two classes of purinergic receptors known as 85 

the P2X (ligand-gated cationic channel) and P2Y (G protein-coupled receptors) 86 

receptor types. Very large concentrations of extracellular ATP can lead to cell death 87 

within central nervous system neurons via the action of the purinergic receptor 88 

P2X7
26, 27. Whilst the exact mechanism of cell death is still not completely 89 

understood, it is possible that chronic activation of the P2X7 receptor causes a rapid 90 

influx of calcium ions into the cell, triggering apoptosis23, 26, 28. P2X7 receptors are 91 

present both pre and post-synaptically in both the inner and outer plexiform layers of 92 

the retina29, 30, and the addition of high doses of extracellular ATP beyond 93 

physiological limits leads to photoreceptor death23, 24 Other retinal neurons appear to 94 

be resistant to ATP-induced cell death except at very high concentrations, possibly 95 

due to a neuroprotective effect from the adenosine receptor A331-33.  96 

 97 

Although the time course and characteristics of ATP induced degeneration have 98 

been well described in rats23, 24, it has never been tested in other animal models. To 99 

this end the aim of this study was to characterise the effects of intravitreal injection of 100 

ATP in a feline model over a three month period. We chose a feline model because 101 

the eye is of similar size to humans34, the retina and visual cortex are well described 102 

and are they are the most commonly used large-eyed animal model in visual 103 

prosthesis research11.  104 
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 105 

Materials and methods: 106 

Anaesthesia and Intraocular injection of ATP in cat: 107 

Normally sighted adult laboratory cats (n = 19) were utilized in this study. Treatment 108 

of animals complied with the Association for Research in Vision and Ophthalmology 109 

Statement for Use of Animals in Ophthalmic and Vision Research, and the National 110 

Health and Medical Research Council’s ‘‘Australian Code of Practice for the Care 111 

and Use of Animals for Scientific Purposes’’ (2013) and the ‘‘Prevention of Cruelty to 112 

Animals Act’’ (1986; and amendments). All studies were approved by the Royal 113 

Victorian Eye and Ear Hospital Animal Ethics Committee (RVEEH AEC; #10/200AB, 114 

#12/256AB).  115 

Intravitreal injection of ATP was performed under anaesthesia using a combination 116 

of ketamine (20mg/kg, Ilium Ketamil, Troy Laboratories, NSW, Australia) and 117 

xylazine (2mg/kg, Ilium Xylazil-20, Troy Laboratories, NSW, Australia) injected 118 

subcutaneously. In order to maintain normal intraocular pressure, an anterior 119 

chamber paracentesis was performed using a 30G needle and approximately 50µL 120 

of aqueous humour tapped from the anterior chamber. A solution containing 100 µL 121 

of either 0.2M, 0.4M or 1M adenosine tri-phosphate hydrate (Sigma 122 

Pharmaceuticals, VIC, Australia) and 0.2 mg dexamethasone to control intravitreal 123 

inflammation (4mg/ml, Dexamethasone, Aspen Australia, NSW, Australia) in sterile 124 

phosphate buffered saline (PBS, 0.9%) was injected with a 30G needle into the 125 

vitreous of one eye. The other eye received either a sham injection of 0.2mg 126 

dexamethasone in 0.9% PBS (n=9) or no injection (n=8). A peri bulbar injection of 50 127 

µL methylprednisolone acetate (40mg/mL, Depomedrol, Pfizer Australia, NSW, 128 
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Australia) was given following the intravitreal injection of ATP or saline to relieve 129 

extra-ocular inflammation at the injection site. At the completion of the injection 130 

procedure, cats were rehydrated with Hartmann’s solution (2.5 ml/kg/h; 131 

subcutaneous) and allowed to recover. Analgesic (buprenorphine 0.01 mg/kg; 132 

subcutaneous; Temgesic; Reckitt Benckiser, Sydney, Australia) was administered 133 

post operatively. For one week following surgery, topical antibiotics (Chlorsig; Sigma 134 

Pharmaceuticals, VIC, Australia) and corticosteroids (Predneferin Forte; Sigma 135 

Pharmaceuticals, VIC, Australia) were administered twice daily. Animals were 136 

monitored by research and animal care staff daily, and received weekly visits from a 137 

veterinarian. Based on an estimated 2.7 mL vitreal volume in the cat34, 138 

concentrations of 0.2M, 0.4M and 1M ATP corresponded to 11mM, 22mM and 139 

55mM ATP at the retina after diffusion through the vitreous. 140 

 141 

Clinical assessments 142 

Retinal function and structure in 15 of the ATP injected animals was assessed 2, 6 143 

and 12 weeks post ATP injection. Animals were anaesthetised with a subcutaneous 144 

dose of ketamine (20mg/kg) and xylazine (2mg/kg).  Depth of anaesthesia was 145 

monitored via corneal reflex and respiratory rate; if the anaesthesia became too light 146 

during assessment, animals were injected with a further one-third standard dose of 147 

ketamine and xylazine. During assessment the cornea was kept hydrated using 148 

topical application of a sterile saline solution (0.9%). Pupils were dilated with 1% 149 

tropicamide (Chauvin Pharmaceuticals, Surrey, England) and 2.5% phenylephrine 150 

hydrochloride (Chauvin Pharmaceuticals, Surrey, England). With the exception of the 151 

terminal time point, subjects were rehydrated with Hartmann’s solution (2.5 ml/kg/h; 152 
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subcutaneous) at the end of the assessment and allowed to recover. All assessment 153 

methodologies performed on these animals have been previously described in 154 

normally sighted cats and other animal models of photoreceptor degeneration12, 35-38. 155 

 156 

Electroretinogram: 157 

Retinal function was assessed using a full-field flash ERG (Espion, Diagnosys LLC, 158 

Lowell, MA, USA) after 30 minutes of dark adaptation. Both the ATP injected and the 159 

fellow control eyes were recorded simultaneously using corneal Jet electrodes. In 160 

each animal the retinal response to stimulus intensities from 0.001 to 10 cd.s/m2 161 

were recorded. However, only the combined rod-cone maximal ERG response (10 162 

cd.s/m2) is reported here. In 11mM injected animals, a twin flash paradigm consisting 163 

of two consecutive flashes (10 cd.s/m2, 500ms inter stimulus interval) was used to 164 

assess rod and cone responses independently. The first flash elicited a mixed 165 

response from both rod and cone photoreceptors, whilst the second flash elicited 166 

responses only from cones39, 40. Rod responses were isolated digitally via subtraction 167 

of the cone response from the mixed response. Rod and cone pathway a-wave 168 

amplitudes corresponding to the photoreceptoral response41, 42 were measured from 169 

the pre-stimulus baseline to the a-wave trough. The b-wave amplitudes 170 

corresponding to the post-receptoral response41, 42 were measured from the a-wave 171 

trough to the b-wave peak. Implicit times were measured from the time of the flash 172 

presentation to the maximal amplitude of a-wave and b-wave responses. Oscillatory 173 

potentials (OPs), corresponding to several distinct post-receptoral responses 174 

including amacrine cell output43, were also recorded using a band-pass filter 175 

between 100-300Hz and analysed separately. OP amplitude and implicit time was 176 



Aplin et al  8 

determined by measuring the amplitude of each individual OP from baseline.  Only 177 

OPs1-4 could be reliably measured from our data due to the low amplitude of OP5 in 178 

normally sighted animals. 179 

 180 

Ocular Coherence tomography acquisition and analysis: 181 

Retinal structure was analysed in ATP injected and fellow control eyes using a 182 

Fourier domain Ocular Coherence tomography (OCT) (Spectralis, Heidelberg 183 

Engineering GmbH, Heidelberg, Germany). In order to assess retinal structures, high 184 

resolution line scans were taken at each time point across the temporal retina, area 185 

centralis and nasal retina. In order to assess thickness of the retinal nerve fibre layer, 186 

a high resolution circular scan was taken around the optic nerve. Each scan was a 187 

composite image average from 100 frames. Figure 1a and 1b show representative 188 

infrared reflectance images of the fundus displaying length and location of scans 189 

performed in each eye. Figure 1c and 1d show representative OCT b-scan images 190 

taken from a temporal (Fig. 1c) and circular (Fig. 1d) scan. Images were exported as 191 

tagged image files (.TIF) and retinal thicknesses were measured using custom 192 

software in ImageJ (version 1.48; National Institutes of Health, Bethesda, MD). Line 193 

scan images were separated into three distinct thickness measurements as shown in 194 

Figure 1c, defined as total retina (inner limiting membrane to border of retinal 195 

pigment epithelium (RPE) and tapetum lucidum), inner retina (inner limiting 196 

membrane to outer plexiform layer) and outer retina (outer plexiform layer to border 197 

of RPE and tapetum). Circular scan thicknesses were separated as shown in Figure 198 

1d into total retina, retinal nerve fibre layer (RNFL, inner limiting membrane to 199 
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ganglion cell layer) and ganglion cell layer plus all subsequent retinal layers (GCL+, 200 

ganglion cell layer to Bruch's membrane).  201 

 202 

Tissue collection and fixation: 203 

At 30 hours after intravitreal injection with ATP, animals (n=4) were deeply 204 

anaesthetized using ketamine (20mg/kg) and xylazine (2mg/kg) and then euthanized 205 

with an overdose of sodium pentobarbitone (150mg/kg, intra-cardiac). The eyes 206 

were enucleated and tissue anterior to the ciliary body dissected away. The 207 

remaining tissue was fixed in 4% paraformaldehyde for 30 minutes. After this period, 208 

the tissue was washed in phosphate buffered solution (PB), dissected and then 209 

equilibrated in graded solutions of sucrose (10%, 20% w/v in PB) for at least 30 210 

minutes each and finally placed in 30% sucrose overnight. Control and ATP-treated 211 

tissue were embedded in optimal cutting temperature compound (Tissue-Tek, 212 

Sakura, Torrance, CA), frozen and cut at 12 µM on a cryostat (Microm, Walldorf, 213 

Germany). Sections were collected on Poly-L-lysine coated slides (Menzel-Glaser, 214 

Braunschweig, Germany) and stored at -20˚C until use.  215 

 216 

Cell death assay: 217 

Cell death was measured using a commercially available fluorometric terminal dUTP 218 

nick-end labelling (TUNEL) kit (DeadEnd Fluoro metric TUNEL system, TB235; 219 

Promega, Madison, WI) in a method identical to a previous study of ATP induced 220 

degeneration in rat23. Using a Cryostat, 12µM sections of retina were taken both 221 

near the area centralis (~3 optic disk diameters temporal to the optic nerve) and in 222 
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the peripheral temporal retina. Sections were washed twice for 5 minutes in 0.9% 223 

PBS before being digested with 0.5% Triton-X in PBS for 5 minutes. Sections were 224 

then washed in PBS three more times for 5 minutes and equilibrated using 225 

equilibration buffer (200 mM potassium cacodylate, pH 6.6; 25 mM Tris-HCl, 0.2 mM 226 

DTT, 0.35 mg/ml bovine serum albumin [BSA], 2.5 mM cobalt chloride) for 10 227 

minutes. A reaction mix (equilibration buffer, 50 µM fluorescence-12-dUTP, 100 µM 228 

dATP, 10 mM Tris-HCl, 1mM EDTA, rTdT enzyme) was applied to the sections for 229 

one hour at 37˚ C in darkness.  This reaction was stopped using an SSC buffer (0.3 230 

M sodium chloride, 0.15M sodium citrate, pH 7.2) and the sections rinsed with PBS 231 

an additional three times for 5 minutes.  Sections were coverslipped with a Mowiol 232 

based anti-fade mounting medium and photomicrographs taken on a laser scanning 233 

confocal microscope (Carl Zeiss, Göttingen, Germany) with air objectives at 20x and 234 

10x magnification. Apoptotic cells were quantified manually using a cell counter 235 

application (ImageJ, version 1.48; National Institutes of Health, Bethesda, MD) with 5 236 

regions per section at 1 mm length each. 237 

 238 

Statistical analysis: 239 

Analyses were performed on TUNEL cell counts, ERG and OCT thickness data in 240 

eyes injected with ATP compared to control and PBS sham injected eyes (Graphpad 241 

Prism v.4, San Diego, CA, USA; SigmaPlot v12.5, Systat Software, San Jose, CA). 242 

Results are expressed as the mean ± standard error of the mean (SEM). All data 243 

was analysed via a Shapiro-Wilk test for normality. Changes in cell counts, ERG 244 

responses and OCT thickness with ATP concentration or time post-injection were 245 

analysed by one-way analysis of variance (1-way ANOVA) or Kruskal-Wallis one-246 
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way analysis of variance by ranks (Kruskal-Wallis), dependent on normality. A Holm-247 

Sidak post-hoc test was used to determine significance for multiple pairwise 248 

comparisons. The interaction between ERG oscillatory potential amplitudes, b-wave 249 

and a-wave amplitudes were determined using a Deming regression. Details of 250 

individual tests used are also provided in the results. In all figures, statistical 251 

significance is expressed as * (P <0.05). 252 

  253 
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Results: 254 

Intravitreal injection of ATP causes photoreceptor degeneration in cat 255 

The purpose of this study was to characterize the effect of intravitreal injection of 256 

ATP on the cat retina. It was first necessary to determine whether intravitreal 257 

injection of ATP led to acute and specific photoreceptor degeneration in cat as it 258 

does in the rat23, 24. We injected 55 mM ATP into the vitreous of 4 cat eyes and 259 

assessed the level of cell death 30 hours later using a TUNEL assay. Figure 2 shows 260 

vertical sections of retinae from PBS injected central retina (Fig. 2a) and ATP 261 

injected central (Fig. 2b) and peripheral (Fig. 2c) retina that were labelled for TUNEL. 262 

In order to determine whether the extent of cell death varied between ATP and PBS 263 

injected eyes TUNEL positive nuclei were quantified per mm of retinal section (Fig. 264 

2d) and as a proportion of total ONL nuclei per mm2 (Fig. 2e). There was a 265 

significant difference between saline (0.01 cells/mm, data not shown) and ATP 266 

injected eyes (1-way ANOVA; P < 0.01; n = 4). The total number of TUNEL positive 267 

nuclei in ATP injected eyes did not vary significantly with location (1-way ANOVA; P 268 

> 0.05; n = 4). A similar proportion of ONL nuclei were TUNEL labelled in both 269 

central and peripheral retina (P > 0.05). Very few TUNEL positive cells were present 270 

in other layers in ATP treated eyes (average 0.24 TUNEL positive cells per mm of 271 

retina, or less than 0.01% of inner retinal cells) and none in PBS injected eyes. 272 

These data confirm that high concentrations of intravitreal ATP leads to widespread 273 

photoreceptor specific cell death within 30 hours of injection in cat.  274 

 275 

To investigate the optimal concentration of ATP that induced photoreceptor 276 

degeneration reliably in the cat we injected a total of 15 animals with intravitreal ATP 277 
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at concentrations of 11, 22 or 55 mM at the retina and PBS sham injection in the 278 

contralateral eye. Retinal structure and function was assessed using temporal OCT 279 

scans and dark adapted ERG two weeks following injection. Figure 3a shows 280 

representative ERG response waveforms two weeks after injection with ATP or in 281 

control eyes. Representative waveforms are not shown for the PBS condition as they 282 

were identical to the control waveforms. As shown in Figure 3b, ATP caused a 283 

significant loss of photoreceptor function irrespective of the concentration injected 284 

(Kruskal-Wallis; P < 0.05; n = 3 for 22mM injected eyes; 4 for 11mM, 55mM and 285 

sham injected eyes; 8 for control eyes). The amplitudes of the b-wave were similarly 286 

affected (Fig. 3c; Kruskal-Wallis; P < 0.05; n = 3-8). Representative extracted OP 287 

waveforms are shown in Figure 3d. Summed OP amplitudes did not differ between 288 

control and PBS sham conditions (P > 0.05) but were significantly reduced at all ATP 289 

dosages compared to the control (Fig. 3e; P< 0.05).  290 

 291 

Figure 4 shows representative OCT images and a quantification of total retinal 292 

thickness across the temporal retina following injection with either ATP or PBS. 293 

Injection of 55 mM ATP induced significant reduction of total retinal thickness 294 

compared to controls and 11 mM ATP injected eyes (Fig. 4e; Kruskal-Wallis; P < 295 

0.05; n =  3 for 22mM injected eyes; 4 for 55mM injected eyes; 8 for control, sham 296 

and 11mM injected eyes). All other concentrations were not significantly different 297 

from controls (P > 0.05). We evaluated retinal integrity in all animals, and observed a 298 

number of retinal detachments (white arrows in Figure 4). Detachments resolved in 299 

cats injected with 11mM ATP but worsened over time in cats injected with 22mM and 300 

55mM ATP. Therefore, the 11mM ATP concentration was selected as the ideal dose 301 

for subsequent chronic experiments. As no differences in function or structure were 302 
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observed between control and PBS eyes, the two groups are combined in all 303 

subsequent experiments. 304 

 305 

ATP induces rapid loss of rod and progressive loss of cone function. 306 

The time course of rod and cones degeneration in cats injected with 11mM ATP was 307 

examined using a twin flash ERG at baseline, and following 2, 6 and 12 weeks after 308 

injection. Representative waveforms of rod isolated responses at various time points 309 

post ATP injection are shown in Figure 5a. Rod a-wave amplitude (Fig. 5b) was 310 

significantly reduced by 2 weeks post injection (1-way ANOVA; P < 0.05; n = 8 for 311 

11mM injected eyes; 13 for control eyes). Although there was a trend of continued 312 

rod a-wave loss towards 12 weeks, the difference between ATP injected time points 313 

was not statistically significant. Rod b-wave amplitudes (Fig. 5c) were similarly 314 

reduced by 2 weeks following injection (P < 0.05). Representative waveforms of 315 

cone responses are shown in Figure 5d. Cone a-wave amplitude (Fig. 5e) showed a 316 

different rate of degeneration, with significant loss from baseline only occurring at the 317 

12 week time point (P < 0.05). Cone b-wave amplitudes (Fig. 5f) were significantly 318 

reduced by 6 weeks (P < 0.05). 319 

 320 

In the early stages of retinitis pigmentosa, oscillatory potential amplitudes appear to 321 

be reduced at a comparatively slower rate than a-wave amplitudes44. In order to 322 

explore this relationship in our model, oscillatory potentials were analysed separately 323 

(Fig. 6). Figure 6a shows representative OP response waveforms. Figure 6b shows 324 

summed OP amplitudes at each time point. OPs were significantly reduced from two 325 
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weeks post injection (1-way ANOVA; P < 0.05; n= 8-13). In order to evaluate 326 

whether ATP affected the OPs to a greater extent than the a-wave we correlated the 327 

amplitude of the mixed a-wave with the amplitudes of the summed OPs and mixed b-328 

wave. As shown in Figure 6c, the amplitude of the a-wave correlates with the 329 

amplitude of the OPs in controls (Deming regression; P <0.01; n = 8-13). However, 330 

two weeks after ATP injection, the slope of the correlation is altered (Deming 331 

regression; P <0.05; n = 8-13), suggesting that the OP amplitudes had decreased by 332 

a greater margin than a-wave amplitudes. Specifically, oscillatory potentials were 333 

reduced even in animals where the a-wave remained relatively intact. Figure 6d 334 

shows the correlation between the mixed a-wave and b-wave amplitudes. 335 

Amplitudes were significantly correlated at baseline and 2 weeks following ATP 336 

injection (Deming regression; P < 0.05; n = 8-13), and the slopes of the curves were 337 

no different (Deming regression; P > 0.05; n = 8-13), suggesting that any loss of the 338 

b-wave amplitude can be explained by losses in the a-wave.  339 

 340 

ATP induced degeneration reduces outer retinal thickness and leaves inner 341 

retina intact  342 

In view of the loss of the a-wave following ATP injection, the extent and nature of 343 

structural changes within the retina following ATP injection were examined. Figure 7 344 

shows representative OCT images from regions within the temporal retina (7a), area 345 

centralis (7b), nasal retina (7c) and optic nerve head (7d) that were imaged at 346 

different times following injection. A thinned and inconsistent outer nuclear layer was 347 

clearly visible 12 weeks after injection in all retinal areas. The retina was also visibly 348 

thicker at 2 weeks when compared to the control. OCT images revealed multiple 349 
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localised retinal detachments at all time points (white arrows), many of which settled 350 

over the course of the 12 weeks. Hyper-reflective vitreous opacities (white asterisks), 351 

presumably corresponding to inflammatory cells in the vitreous, were occasionally 352 

seen at early time points but were not visible at 12 weeks.   353 

 354 

In order to assess changes in retinal thickness following ATP injection, we analysed 355 

the thickness of total, inner and outer retinal components separately. Figure 8 shows 356 

thickness of the retina at different retinal eccentricities at each time point in temporal 357 

and optic nerve scans. The area centralis and nasal scan both showed similar 358 

thickness variation to the temporal scan. The temporal retina showed a reduction in 359 

total retinal thickness at 12 weeks after injection with ATP (Fig. 8a). Figure 8b and c 360 

show the inner (Fig 8b) and outer (Fig 8c) retinal thickness by eccentricity. The inner 361 

retina appeared to be thicker two and six weeks after ATP injection. In contrast, the 362 

outer retina is progressively thinner with increasing time after injection. There were 363 

no major variations in thickness across eccentricity. Using a circular scan to analyse 364 

the retina close to the optic nerve (Fig. 8d) revealed a pattern in thickness similar to 365 

other retinal areas, with a reduction at 12 weeks post injection). Analysis of the 366 

retinal nerve fibre layer (Fig. 8e) showed an altered profile in ATP-injected animals, 367 

but the conservation of average retinal thickness across the scan. Analysis of the 368 

neural retina (total area distal to the retinal nerve fibre layer, Fig 8f) showed that 369 

losses in total retinal thickness were primarily due to a thinning of the neural retina 370 

rather than loss within the RNFL, with no significant regional variation.  371 

 372 
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Having established no extreme variations in OCT thickness by eccentricity, we 373 

quantified the mean thickness of the various regions of the retina from OCT images 374 

(Fig. 9). Figure 9 shows the total (Fig. 9a), inner (Fig. 9b) and outer (Fig. 9c) retinal 375 

thickness from the temporal, nasal and area centralis scans, averaged across the 376 

retina and compared between time points. Total and outer retinal thickness were 377 

significantly reduced at all locations by 12 weeks (Kruskal-Wallis; P < 0.05; n = 8). 378 

The Inner retina had significantly increased in thickness at 6 weeks in the temporal 379 

and nasal retina, but was reduced to baseline by 12 weeks (Kruskal-Wallis; P < 0.05; 380 

n = 8). Across the area centralis, the inner retina thickened significantly from 2 weeks 381 

(Kruskal-Wallis; P < 0.05; n = 8). Figure 9d shows circular scan thickness separated 382 

into total retina, retinal nerve fibre layer (RNFL) and all other retinal layers (GCL+). 383 

Total retinal and GCL+ thickness were significantly reduced by 12 weeks (Kruskal-384 

Wallis; P > 0.05; n = 8), but RNFL thickness remained unchanged (Kruskal-Wallis; P 385 

< 0.05; n = 8). These results suggest that the majority of ganglion cells remain intact 386 

at all stages following injection.  387 

 388 

  389 
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Discussion: 390 

The major findings of this study were that intravitreal injection of ATP in a feline 391 

model leads to rapid photoreceptor death, similar to the effects described previously 392 

in the rat23, 24. In particular, our results show that ATP induces rapid loss of rods prior 393 

to cones, and that neurons of the inner retina remain relatively intact. These results 394 

suggest that ATP injection may be useful in creating a feline model of retinal 395 

degeneration. 396 

 397 

ATP kills photoreceptors in cat: 398 

Although ATP has been shown to kill photoreceptors in rat23, 24, there have 399 

previously been no studies to determine the viability of this model in an animal model 400 

with an eye size comparable to the human eye. We found significant cell death within 401 

the outer nuclear layer of the retina within 30 hours of injection of ATP into the cat 402 

vitreous. Widespread photoreceptor death accounts for our observation of functional 403 

and structural degeneration continuing out to 12 weeks in ATP injected eyes. 404 

Although the mechanism of ATP induced photoreceptor loss is not well understood, 405 

it is possible that direct toxicity via over-activation of P2X7 receptors, which are 406 

known to be expressed by photoreceptors, explains the observations23, 29, 45, 46. 407 

Alternatively, ATP induced effects on the RPE could also induce secondary effects 408 

on photoreceptor integrity47, 48. 409 

 410 

Specific to the cat was rapid loss of rod function, followed by a gradual loss of cone 411 

function over a 12 week period. Previous characterisation of the effects of ATP on 412 
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rodent photoreceptor integrity showed rapid loss of both rod and cone mediated 413 

function24. It is possible that the distribution of purinergic receptors, and thus the 414 

underlying mechanism of vulnerability in rods and cones, is different in cat retina 415 

compared to the rat. As ATP is rapidly broken down within the eye by ecto-416 

nucleoside-tri-phosphate-diphosphohydrolases (E-NTPDases)49 it is likely that 417 

continued cone loss after the initial insult is a secondary effect instigated by 418 

widespread rod loss as is commonly seen in both human and animal inherited retinal 419 

degenerations50, 51. A loss of rod function before cone function in our model is ideal 420 

as it loosely mimics the course of human RP52, 53.  421 

 422 

In RP, there is a relationship between outer nuclear layer thickness  and residual 423 

ERG amplitude54. Our model also showed a thinning of the outer nuclear layer by 12 424 

weeks post injection, but this rate of loss did not correlate closely to the loss of the 425 

ERG. It is possible that the rapid rate of degeneration in our model overwhelms the 426 

retina's ability to remove dead and dying cells from the outer nuclear layer and leads 427 

to a build-up of non-functional detritus in this layer. Additionally, as OCT only gives a 428 

gross representation of each layer and does not account for cell type, our 429 

quantification of the outer nuclear layer may include a larger proportion of 430 

inflammatory cells that have invaded the retina in response to ATP induced 431 

degeneration.  432 

 433 

 434 

ATP induced inner retinal changes in cat: 435 
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Although high levels of extracellular ATP primarily affected photoreceptor integrity in 436 

the cat retina, some changes in the inner retina were noted. In particular, two weeks 437 

following injection with 11 mM ATP, there was a reduction in the amplitude of the 438 

oscillatory potentials even in animals with otherwise relatively intact a-wave 439 

amplitudes. This runs contrary to previous findings in human patients with RP which 440 

showed a relative survival of the OP amplitudes44 . The OPs are thought to primarily 441 

represent the function of inner retinal neurons, especially amacrine cells39. OP 442 

amplitude is particularly sensitive to ischemia in even small areas of the retina55, and 443 

loss of OPs is evident in all forms of retinal detachment, even after resolution of the 444 

condition56-58. With this in mind it is possible that the loss of OP amplitudes observed 445 

in our model could be attributed to the localised retinal detachments we observed in 446 

many of the ATP injected eyes. Alternatively, changes in OP amplitudes may be 447 

indicative of a direct effect of ATP on inner retinal neurons, or as a result of the inner 448 

retinal swelling we observed in animals 2 weeks after injection. 449 

 450 

Thickness of the inner retina was significantly increased six weeks after injection with 451 

11mM ATP, but was restored by 12 weeks. This resembles inner retinal swelling as 452 

previously observed from OCTs in human retinal degenerations59-61. We propose 453 

that increased thickness represents intraretinal oedema in response to ongoing 454 

degeneration. This could explain the greater increase in thickness across the area 455 

centralis in our model; continued cone degeneration would be the primary contributor 456 

to intraretinal oedema at 6 and 12 week time points, and the area centralis has the 457 

highest cone density in the cat retina62. It seems probable that retinal swelling would 458 

not be confined solely to the inner retina in this case, but loss of the outer nuclear 459 
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layer would mask the increase in thickness from intraretinal oedema in the outer 460 

retina when examined by OCT.  461 

 462 

Significantly, our results show that the nerve fibre layer remained intact suggesting 463 

that even though photoreceptors and perhaps some minor changes in the inner 464 

retina were observed, ganglion cells and their axons remain intact. This is important 465 

if this model is to be used in the future for evaluating the success of vision 466 

restoration strategies such as retinal prostheses, which require functional ganglion 467 

cells.  468 

 469 

ATP injection as a model of retinal degeneration:  470 

The ATP induced model of photoreceptor death in the feline model is potentially 471 

suitable for use as an animal model of retinal degeneration. In the cat, ATP induces 472 

a loss of outer retinal structure and function within 12 weeks whilst leaving the inner 473 

retina relatively intact. Although ATP is not a primary cause of photoreceptor loss in 474 

those with inherited retinal degenerations, it has been proposed to exacerbate 475 

photoreceptor loss28, 46. Moreover, remodelling of the inner retina after photoreceptor 476 

degeneration is thought to occur regardless of the initial underlying mechanism3, 5, 63, 477 

64.  478 

 479 

The ATP induced feline model of retinal degeneration has several key advantages 480 

over transgenic larger-eyed animal models of degeneration traditionally used in 481 

vision research11, 65. Logistically, these transgenic animal models tend to be 482 

prohibitively expensive to develop and maintain. Often the rate of disease 483 

progression is quite slow - for example, the Abyssinian cat model of retinal 484 
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degeneration still has significant residual ERG at 3-4 years of age66. A faster model 485 

of degeneration does exist in Persian cats67, but photoreceptors do not have time to 486 

fully develop in this model before the onset of degeneration. Our pharmacological 487 

model of degeneration therefore has the advantage of being comparatively cheap, 488 

fast acting and readily accessible compared to these other models. Furthermore, 489 

unilateral injection of ATP allows for normal sight in the fellow eye, which can then 490 

act as an internal control and reduce housing and ethics considerations as the 491 

affected animal retains functional vision.  492 

 493 

An ATP induced model of feline degeneration however has several limitations. As a 494 

pharmacological model of degeneration, the disease process does not model human 495 

disease as closely as models where genetic manipulations induce photoreceptor 496 

death. In addition, we observed multiple focal retinal detachments in some cats 497 

within 2 weeks of intravitreal injection of ATP. Unfortunately, these retinal 498 

detachments tended to worsen at high concentrations where the degenerative 499 

process was otherwise more reliable. These detachments were visually similar to 500 

those described in a recent study of OCT in RD10 mouse68. It may be that the acute 501 

rate of degeneration in our model interferes with and overwhelms fluid transfer at the 502 

retinal pigment epithelium (RPE), leading to retinal elevation and eventually 503 

detachment. It is also possible that ATP has a direct effect on fluid transfer at the 504 

RPE48.  505 

 506 

In conclusion, this study aimed to develop and characterise an ATP-induced model 507 

of retinal degeneration in the cat retina. We examined retinal function and structure 508 

using a combination of ERG and OCT imaging to determine a dose response and 509 
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time course of degeneration. All concentrations of ATP tested caused widespread 510 

photoreceptor death and loss of retinal function within 2 weeks of injection. In 511 

particular, intravitreal injection with 11mM ATP lead to a rapid loss of rod and a 512 

gradual loss of cone function over a 12 week period. Outer retinal thickness 513 

continued to reduce throughout the 12 week period. The inner retina showed some 514 

evidence of intraretinal swelling, but otherwise remained intact. This ATP-induced 515 

feline model of retinal degeneration provides a new animal model for research into 516 

vision restoration.  517 

 518 

  519 
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 686 

Figure Legends: 687 

Figure 1. OCT acquisition and analysis. Representative infrared reflectance 688 

fundus images in a control animal showing location of OCT scans across the 689 

temporal retina and area centralis (A), Nasal retina and around the optic nerve (B). 690 

OCT section thickness was separated into total retina, inner retina and outer retina in 691 

linear scans (C) or total retina, retinal nerve fibre layer (RNFL) and retina excluding 692 

the RNFL (GCL+) in the circular scan around the optic nerve (D). Scale bar, 200 µm. 693 

RNFL, retinal nerve fibre layer; GCL, ganglion cell layer; IPL, inner plexiform layer, 694 

INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS/OS, 695 

inner and outer segments; RPE, retinal pigment epithelium;  696 

 697 

Figure 2. ATP induces photoreceptor death at 30 hours in cat retina. Sections of 698 

retinae labelled for apoptosis (TUNEL) after 30 hours in a saline injected eye (A) and 699 

in central (B) and peripheral (C) retina of an ATP injected eye. In each condition, the 700 

number of TUNEL positive photoreceptors were counted and quantified per mm (D) 701 

and as a percentage of total photoreceptors per mm (E). There was a significant 702 

difference between saline (0.01 cells/mm, data not shown) and ATP injected eyes (1-703 

way ANOVA; P < 0.01; n = 4) but no significant difference between location in ATP 704 
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injected eyes (1-way ANOVA; P > 0.05; n = 4) Scale bar, 200 µm. Abbreviations: as 705 

in Figure 1. Asterisks (*) indicate significant difference P < 0.05. 706 

 707 

Figure 3. ATP induces dose-dependent loss of retinal function at 2 weeks. Full-708 

field ERG combined rod-cone maximal responses (10 cd.s/m2) were used to assess 709 

retinal function after 2 weeks in untreated, saline injected and 11, 22 and 55mM ATP 710 

injected eyes. (A) representative maximal ERG response waveforms of control and 711 

three ATP injection concentrations. Maximal ERG a-wave (B) and b-wave (C) 712 

amplitudes were assessed in each condition. (D) representative oscillatory potential 713 

waveforms in control and three ATP injection concentrations. Summed OP1-4 714 

amplitude (E) was assessed in each condition. There was a significant decrease in 715 

a-wave and b-wave amplitude after 2 weeks in eyes injected with 11, 22 and 55mM 716 

ATP (Kruskal-Wallis; P < 0.05, n =  3 for 22mM injected eyes; 4 for 55mM injected 717 

eyes; 8 for control, sham and 11mM injected eyes) but not between control and 718 

sham injected eyes (Kruskal-Wallis; P > 0.05, n = 8). Asterisks (*) indicate significant 719 

difference P < 0.05. 720 

 721 

Figure 4. ATP induces dose-dependent retinal thinning and detachment at 2 722 

weeks. Representative temporal linear OCT sections in control eyes (A) and 2 723 

weeks after injection with 11 mM (B), 22 mM (C) and 55 mM (D) ATP. Total retinal 724 

thickness was assessed in control, sham injected and ATP injected eyes at each 725 

concentration (E). White arrows (B-C) indicate retinal detachments. The retinal 726 

thickness in eyes injected with 55mM ATP was significantly reduced compared to 727 

control, sham injected and 11 mM injected eyes (Kruskal-Wallis; P < 0.05; n = 3 for 728 

22mM injected eyes; 4 for 55mM injected eyes; 8 for control, sham and 11mM 729 
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injected eyes). There were no other significant differences (Kruskal-Wallis; P > 0.05; 730 

n = 3-8). Scale bar, 100 µm. Asterisks (*) indicate significant difference P < 0.05. 731 

 732 

Figure 5. Rod and cone function is reduced within 12 weeks after injection with 733 

11 mM ATP. Twin-flash full-field ERGs (10 cd.s/m2) were used to isolate rod and 734 

cone function in control eyes and at 2, 6 and 12 weeks after injection with 11mM 735 

ATP. (A) representative waveforms of the isolated rod response in controls and at 736 

three time points post ATP injection. Rod a-wave (B) and b-wave (C) amplitudes 737 

were assessed at each time point. (D) representative waveforms of the cone 738 

response in control and at three time points post ATP injection. Cone a-wave (E) and 739 

b-wave (F) amplitudes were assessed at each time point. Rod a-wave and b-wave 740 

amplitudes were significantly reduced by 2 weeks (1-way ANOVA; P < 0.05; n= 8-741 

13). Cone a-wave and b-wave amplitudes were significantly reduced by 12 weeks 742 

and 6 weeks respectively (1-way ANOVA; P < 0.05; n= 8-13).  Asterisks (*) indicate 743 

significant difference P < 0.05. 744 

 745 

Figure 6. Oscillatory potential amplitude reduction may indicate some inner 746 

retinal degeneration. Oscillatory potential amplitudes were digitally subtracted from 747 

mixed b-wave output and analysed separately. (A) representative OP waveforms in 748 

control eyes and at 2, 6 and 12 weeks after injection with 11 mM ATP. Summed 749 

OP1-4 amplitudes were assessed at each time point (B). Mixed a-wave amplitude 750 

was correlated to summed OP amplitude (C) and mixed b-wave amplitude (D) in 751 

control eyes and at 2 weeks after injection with 11mM ATP. Summed OP amplitude 752 

had significantly decreased by 2 weeks (1-way ANOVA; P < 0.05; n= 8-13). The 753 

amplitude of the mixed a-wave is correlated with the amplitude of both summed OP 754 
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amplitude and mixed b-wave amplitude (Deming regression; P <0.01; n = 8-13). Two 755 

weeks after ATP injection, the slope of the summed OP and a-wave correlation was 756 

significantly different compared to controls (Deming regression; P < 0.05; n = 8-13), 757 

indicating a greater decrease in OP amplitude compared to loss of the a-wave. The 758 

slope of the b-wave and a-wave correlation was not significantly different at two 759 

weeks after ATP injection (Deming regression; P > 0.05; n = 8-13). Asterisks (*) 760 

indicate significant difference P < 0.05. 761 

 762 

Figure 7. Representative OCT sections. Representative OCT sections in controls 763 

and at 2, 6 and 12 weeks post-injection across the temporal retina (A), area centralis 764 

(B), nasal retina (C) and around the optic nerve (D). White arrows indicate focal 765 

retinal detachments. White asterisks indicate focal hyper-reflective loci in the 766 

vitreous. Scale bar, 200 µm.  767 

 768 

Figure 8. Reduction in retinal thickness by eccentricity. (A-C) Mean total retinal 769 

thickness (A), outer retinal thickness (B) and inner retina thickness (C) in the 770 

temporal retina by distance from the optic nerve in controls and at 2, 6 and 12 weeks 771 

following ATP injection. (D-F) Mean total retinal thickness (D), retinal nerve fibre 772 

layer thickness (E) and thickness of the retina excluding the RNFL (F) around the 773 

optic nerve by orientation from vertical in controls and at 2, 6 and 12 weeks following 774 

ATP injection. Grey area = 95% confidence intervals for control retina. 775 

 776 

Figure 9. Reduction of OCT retinal thickness is confined to the outer retina. (A-777 

C) Analysis of total, outer, and inner retinal thicknesses in controls and at 2, 6 and 12 778 

weeks post-injection across the temporal retina (A), Area centralis (B) and nasal 779 
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retina (C). (D) Analysis of total retinal thickness, retinal nerve fibre layer thickness 780 

and thickness of the retina excluding the RNFL in controls at 2, 6 and 12 weeks post-781 

injection around the optic nerve. Across the temporal retina, area centralis and nasal 782 

retina, total and outer retinal thickness was significantly reduced by 12 weeks 783 

(Kruskal-Wallis; P < 0.05; n = 8). At temporal and nasal locations, inner retinal 784 

thickness was significantly increased by 6 weeks (Kruskal-Wallis; P < 0.05; n = 6-8). 785 

By 12 weeks, inner retinal thickness was no longer different compared to controls 786 

(Kruskal-Wallis; P > 0.05; n = 6-8). Across the area centralis, inner retinal thickness 787 

remained significantly increased from 2 to 12 weeks compared to controls (Kruskal-788 

Wallis; P < 0.05; n = 8). Across the optic nerve, total thickness and thickness from 789 

the ganglion cell layer were significantly decreased at 12 weeks from controls 790 

(Kruskal-Wallis; P < 0.05; n = 8). Retinal nerve fibre layer thickness was not 791 

significantly different from controls at any time point (Kruskal-Wallis; P > 0.05; n = 6-792 

8). Asterisks (*) indicate significant difference P < 0.05. 793 

 794 
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