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ABSTRACT:  

Purpose: To characterize the relationship between fundus autofluorescence (FAF), Optical 

Coherence Tomography (OCT) and immunohistochemistry over the course of chronic retinal 

degeneration in the P23H rat.  

Methods: Homozygous albino P23H rats, Sprague-Dawley (SD) rats and pigmented Long Evans 

(LE) rats were used.  A Spectralis HRA OCT system was used for scanning laser ophthalmoscopy 

(SLO) imaging OCT and angiography. To determine FAF, fluorescence was excited using diode 

laser at 488 nm. A fast retina map OCT was performed using the optic nerve as a landmark. 

Immunohistochemistry (IHC) was performed to correlate with the findings of OCT and FAF 

changes. 

Results: During the course of retinal degeneration, the FAF pattern evolved from some spotting at 2 

months old to a mosaic of hyperfluorescent dots in rats 6 months or older. Retinal thicknesses 

progressively diminished over the course of degeneration. At later stages of degeneration OCT 

documented changes in the retinal layers, however, IHC better identified the cell loss and 

remodeling changes. Angiography revealed attenuation of the retinal vascular plexus with time. 

Conclusion: We provide for the first time a detailed long-term analysis of the course of retinal 

degeneration in P23H rats using a combination of SLO and OCT imaging, angiography, FAF and 

IHC. Although, the application of noninvasive methods enables longitudinal studies and will 

decrease the number of animals needed for a study, immunohistochemistry is still an essential tool 

to identify retinal changes at the cellular level.  
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INTRODUCTION: 

Recently developed retinal imaging modalities, including confocal scanning laser ophthalmoscopy 

(cSLO) (Paques et al., 2006; Seeliger et al., 2005) and Optical Coherence Tomography (OCT) are 

extensively used in clinical practice and also experimentally as new tools to assess retinal 

degeneration in animal models (Fischer et al., 2009). OCT is a non-invasive method to examine the 

retina in vivo. It provides 2- or 3-dimensional sections, measuring the delay in the transmission of 

light reflected over a reference mirror and the amount of light absorbed or reflected by the retinal 

layers on the basis of the interferometry principle. The OCT provides a kind of optical biopsy with 

quantitative and reproducible measurements of retinal thickness parameters using near-infrared 

light (Blumenthal et al., 2000; Schuman et al., 1996). Membrane rich layers like the ganglion cell 

layer and the inner plexiform layer produce hyperreflective images. The four hyperreflective bands 

located at the external retina were studied by Spaide and Curcio (2011) in a theoretical model 

corresponding to the outer plexiform layer, the photoreceptor ellipsoids (previously called IS-OS 

junction line), the interdigitation zone and the Retinal Pigment Epithelium (RPE)/Bruch membrane 

complex. 

Increased acquisition speed has enabled spectral domain or Fourier domain tomography to reduce 

artifacts caused by ocular movements and enhance the definition of retina layers clinically and in 

animal models. Previous OCT modalities (time-domain OCT) have been used in studies of animal 

models of retinal degeneration, however, a lack of depth resolution prevented detailed observation 

of the retinal structures (Horio et al., 2001; Li et al., 2001). Clinical instruments including the 

Spectralis OCT (Heidelberg Engineering, Germany), and other Spectral-Domain OCTs (SD-OCT) 

have been used with success to evaluate rodent retina (Fischer et al., 2009; Kim et al., 2008; Xu et 

al., 2009). The ability to track retinal findings facilitates the evaluation of anatomical changes in vivo 

in the same animal, and the evaluation of therapeutic interventions, thus reducing the number of 

animals required for a given study.  In addition, assessment of retinal function with optokinetic or 

electroretinographic assessments allows the correlation of functional and anatomical findings in the 

living animal.  

Fundus autofluorescence (FAF) imaging is a non-invasive method to evaluate the retina. It has 

been extensively used in the clinic to diagnose, characterize and evaluate progression in retinal 

degenerative diseases (Schmitz-Valckenberg et al., 2008). There are different wavelengths to 

assess the FAF depending on the fluorophore that is emitting the FAF. A 488 nm laser light source 

is the most common method used for autofluorescence (AF) excitation. At his wavelength, the main 

fluorophore is lipofuscin (Delori et al., 1995a). Lipofuscin in the RPE is primarily derived from 

chemically modified residues of incompletely digested photoreceptor outer segments (Kennedy et 
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al, 1995). Its accumulation in the RPE generate FAF, appearing with age and disease.  A normal 

FAF pattern reflects that the complex photoreceptor/RPE is working normally. FAF abnormalities 

are a common way to evaluate retinal changes in different states including aging, retinal 

detachment, toxicity and degenerative diseases (Baek et al., 2015; Issa et al., 2012; Secondi et al., 

2012). Another wavelength is the near infrared light of 790 nm laser; this light induces FAF 

originating from melanin in the RPE and choroid (Gibbs et al., 2009; Keilhauer and Delori, 2006; 

Schmitz-Valckenberg et al., 2011), providing different patterns and alterations that those acquired 

with the 488 nm light. 

Retinal diseases may be associated with abnormally increased (Delori et al., 1995b) or decreased 

(Issa et al., 2009; Lorenz et al., 2004; Sergouniotis et al., 2011) 488 nm FAF, specific alterations of 

the FAF pattern or both. The FAF pattern depends on the pathogenesis of the disease being 

studied. Normal subjects exhibit a low level of AF throughout the fundus. Patients or animal model 

diseases with extensive lipofuscin accumulation related to an abnormal increase in RPE biretinoids, 

as observed in Stargardt disease, or Best macular dystrophy exhibit higher FAF levels than those 

diseases in which a lack of visual cycle products would be expected, such as Pde6brd1/rd1 or Rho-

/- mice (Holz et al., 1999; Holz et al., 2001; Issa et al., 2012). In RP patients three different FAF 

patterns have been described. The most common one is the presence of an AF ring; the second 

one is the presence of an abnormal central AF and the last one is the absence of both patterns 

(Murakami et al., 2008). The diameter of the FAF ring has been also correlated to the length of the 

ellipsoids and related to visual acuity (Aizawa et al., 2010). With photoreceptor cell death, the RPE 

increases outer segment phagocytosis generating a hyperfluorescencent ring (Murakami et al., 

2008). With the death of the RPE there is a loss of lipofuscin and the resulting hypofluorescence 

leads to an absence of FAF (Popovic et al., 2005). Other different factors have been reported as 

FAF contributors in other disease including RP or AMD (Holz et al., 1999; Holz et al., 2001).  

There are numerous animal models of RP.  In this study, we have employed the P23H transgenic 

rat, an animal that bears an autosomal dominant mutation in the rhodopsin gene (proline-to-

histidine substitution) that causes photoreceptor dystrophy and death (LaVail et al., 2000; Lewin et 

al., 1998; Machida et al., 2000; Steinberg et al., 1996). Rhodopsin mutations account for 

approximately 30-40% of the autosomal dominant RP cases and some infrequent autosomal 

recessive cases (Dryja et al., 1990; Ferrari et al., 2011). This transgenic rat was designed to mimic 

autosomal dominant RP displaying compromised rhodopsin trafficking through the endoplasmic 

reticulum to the outer segment.  Photoreceptors die by apoptosis, secondary to the oxidative stress 

caused the rhodopsin mutation (Arango-Gonzalez et al., 2014; Gorbatyuk et al., 2010; Griciuc et al., 

2010; Kaur et al., 2011; Malanson and Lem, 2009; Sung et al., 1994; Wang et al., 2005).  

Photoreceptor loss is also light-dependent. Studies have shown that rods degenerate at a rate 

dependent on ambient illumination (Jozwick et al., 2006; Machida et al., 2000; Vaughan et al., 
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2003; Walsh et al., 2004) and cones loss occurs following the loss of the majority of rods 

(Chrysostomou et al., 2009a; Chrysostomou et al., 2009b). Retinal degeneration in the albino P23H 

(line 1) rat has been anatomically and functionally described (Cuenca et al., 2004; Lu et al., 2010) 

and retinal remodeling during photoreceptor loss has also been described (Jones and Marc, 2005; 

Marc et al., 2003), however, no long-term assessments of OCT or FAF have been conducted to our 

knowledge. In the albino homozygous P23H rat only 488 FAF would be generated because the lack 

of pigmentation.  

The aim of this study was to monitor the anatomical changes in an animal model of Retinitis 

Pigmentosa, the albino P23H rat, during long-term retinal degeneration using SD-OCT, 

angiography and FAF and to correlate these findings with anatomical assessment using 

immunohistochemistry (IHC). 

METHODS: 

Rats: 

Albino homozygous P23H (line 1) rats ranging in age from 18 postnatal days (P18) to 27 months 

and albino Sprague-Dawley (SD rats) were used for this study (4 animals each time point). 

Transgenic homozygous P23H-1 animals were obtained from the UCSF School of Medicine Retinal 

Degeneration Rat Model Resource (Dr. M. LaVail; 

http://www.ucsfeye.net/mlavailRDratmodels.shtml), and bred at in our colony at the University of 

Zaragoza. SD animals were obtained from Harlan (Harlan Laboratories, Barcelona, Spain) and bred 

in a colony at the University of Zaragoza, Spain. Rats were housed in temperature and light 

controlled rooms with a 12 h light/dark cycle and had food and water ad libitum. Light intensity 

within the cages ranged from 5 to 30 lux. Animal manipulations were carried out following the 

Spanish and European Union regulations for the use of animals in research (Council Directive 

86/609/EEC) and the ARVO statement for the Care and Use of Animals in Ophthalmic and Vision 

Research. Adequate measures were taken to minimize pain or discomfort. In order to compare OCT 

findings and differences related to pigmentation, 4 pigmented Long-Evans P60 rats were also 

studied (Charles River Laboratories, Barcelona, Spain). 

Fundus imaging system: 

Rats were anesthetized by intraperitoneal injection of Xylazine 10 mg/kg and ketamine 90 mg/kg. 

Their pupils were dilated with tropicamide (Tropicamida®, Alcon labs, Barcelona, Spain). To 

improving image acquisition the youngest rats were fitted with a PMMA afocal contact lens, with a 

radius and diameter of 2.7 and 5.2 mm respectively. Contact lenses were obtained from Cantoor 

Nissel, Market Place Brackley, Northampton shire, NN, UK. Tear substitutive drops were 

continuously added to improve transparencency (Systane®, Alcon Labs, Barcelona, Spain). For the 
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examination the animal was placed on a platform mounted in the chin rest of the imaging device, 

with the eye in front of the system, so that optic nerve was easily visualized. A heat mat was used to 

keep the animals warm during the acquisition process.  

cSLO imaging and OCT were acquired using a commercially available device Spectralis HRA OCT 

system (Spectralis Eye Explorer 5.6b, Heidelberg Engineering, Heidelberg Germany). To adapt the 

system to the rat eye, a commercially available +25D lens was adapted to the system (Heidelberg 

lens, HE 50744). The adaptation of the length of the reference pathway was done manually 

following manufacturer instructions. 

The cSLO system used was an HRA2, using solid source for 488 and 514nm and an infrared diode 

laser for 785 and 815nm wavelengths. 

Rats were programmed for cSLO, SD-OCT with a volume scan at 30° field of view, FAF and 

fluorescein and indocianine green angiography. Depending on the rat and transparent media some 

of the tests were difficult to complete, however one eye of each rat was imaged.. To assess 

average retinal thickness in the different areas, posterior pole protocol was performed. In this test 

the central 30° are divided in 1mm x 1mm squares providing the medium thickness in each square 

area. The protocol was always centered in the optic nerve as the main landmark. To evaluate the 

different thicknesses one researcher (IP) changed the segmentation lines, manually after 

acquisition. Values were obtained for total retinal thickness and Outer Nuclear Layer (ONL) + RPE 

thickness. Mean values of all square areas except those surrounding the optic nerve were 

compared to evaluate differences between groups using non parametric test. 

From the 61 frames of the posterior pole acquisition, a total of 5 single thickness profiles were 

evaluated and measured. The examined profiles were one: crossing the optic nerve (section 31/61), 

middle superior (section 45/61) and superior (section 61/61) and middle inferior (section 15/61) and 

inferior (section 1/61). The thickness of each profile was measured at positions every 0.5 mm and 

compared between groups.  

To acquire FAF images, fluorescence was measured at an excitation wavelength of 488 nm (laser 

diodes) and an emission wavelength between 500- 700 nm. The near-infrared reflectance mode 

(820 nm laser) was used for the camera to obtain a proper alignment and illuminated fundus 

images, as well as, to focus the areas of interest. Fluorescein angiography was performed following 

the intraperitoneal injection of sodium 0.03ml/100g of fluorescein (Fluorescein Alcon 10%, Spain) or 

indocianine green 0.06 ml/100g. Pictures were taken every 10 seconds. Pictures of different 

animals were compared around the same times depending on the focus of the image. 

Immunostaining:   
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Animals were euthanized by CO2 inhalation at 22 postnatal days and 3, 6, 12, 18 and 27 months 

old. The eyecups were enucleated and fixed in 4% paraformaldehyde in 0.1 M PBS at pH 7.4 for 1 

h and then washed in 0.1 M PBS before being cryoprotected in 10% sucrose for 1 h, 20% sucrose 

for 1 h and 30% sucrose overnight at 4°C. On the following day eyecups were embedded in OCT 

and cross sections of the retina were cut at 16 µm thickness on a cryostat in a horizontal plane, and 

mounted on glass slides.  

For the correlation of the histology and OCT hyperreflective layers, hematoxylin staining and 

immunohistochemistry were performed. Sections for immunostaining were treated as previously 

described (Cuenca et al., 2004). The primary antibodies used are presented in Table 1. Nuclei were 

identified using TOPRO. Slides were mounted in citifluor watermount (Citifluor Ltd, London, UK) and 

coverslipped for viewing by confocal microscopy (Leica TCS SP2 Confocal System). Pinholes were 

77 µm and the widths of optical sections were 0.9 µm. Final images were obtained from the 

projections of 4 to 7 single frames. To control for non-specific staining, some sections were stained 

omitting the primary antibody. 

RESULTS: 

1. Fluorescein and green indocianine angiographies:  

Fluorescein angiography revealed normal retinal vasculature radially distributed in SD control rats 

and in young P23H rats (Figure 1A, 1B).  As the P23H rat aged, angiographic changes were noted 

in the great vessels. At 8, 20 and 27 months, the great vessels showed anomalies in their wall, with 

increasing size and staining of the walls (Figure 1C-E). Some diffusion was also noted in peripheral 

veins (Figure 1D arrowheads).  

The capillary network was difficult to identify due to the lack of pigmentation. Retinal changes were 

apparent in older animals with fewer capillary vessels around the optic nerve. Some dilatation could 

be noted with staining around them during the angiogram (Figure 1D-E). 

During indocianine green angiography, rats displayed both retinal and choroidal vasculature early in 

the postinjection period; the albino retina allowed a better penetration of light at 488 nm through the 

RPE and choriocapillary complex. Choroidal vessels were located around the optic nerve and 

distributed in a radial fashion of 3 or 4 great vessels. No clear changes could be recognized during 

the course of the degeneration (Figure 1F-1H).  

2. Fundus autofluorescence: 

Photoreceptor apoptosis results in the deposition of lipid-rich outer segment debris that cannot be 

processed by the RPE or the glial cells. No AF was visible in either the P23H dystrophic retina or 

the SD non-dystrophic retinal at P20 (Figure 2A, B). Choroid was visible because of the lack of RPE 
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pigmentation. At P60, the FAF pattern was altered in the albino P23H rats and appeared as sparse 

dots throughout the retina (Figure 2C). With aging, these dots increased in size, intensity and 

fluorescence losing the previous spot pattern (Figure 2D-F). AF areas were seen also at older ages 

around the optic nerve. Changes were more evident in areas where there were no visible choroidal 

vessels. On retinal sections, AF (shown in green) was evident in RPE and choroid at advanced 

stages of retinal degeneration (Figure 2H-J) compared to albino wild type retina (Figure 2G). 

3. SD-OCT segmentation: 

Segmentation of both SD and P23H rats was difficult because the lack of pigmentation changed the 

optical characteristics of the outer retina and the RPE; the RPE limits with the choriocapillaris or its 

apical size were not easy to recognize and became more difficult to image with aging.  

Some of the young rats showed a Bergmeister´s papilla as a remnant of the hyaloid vascular 

system as already described in our previous paper (Cuenca et al., 2014b).  

Cross sections of the SD and P23H rats at P18-20 revealed a normal rat retina, displaying all the 

hyperreflective layers and some with lower reflectivity corresponding with the nuclear layers (INL 

and ONL) (Figure 3A, 3C, 5A, 5C). The mutation causing RP in the P23H rat is in the rhodopsin 

molecule resulting in photoreceptor cell death. Photoreceptor cell bodies and their inner and outer 

segments decreased with the progression of the degeneration and could be already recognized at 2 

months old (Figure 3E). Total retinal thickness decreased with age primarily from the ONL+RPE 

complex, although thickness area surrounding the optic nerve was less affected but still showed 

important morphological changes. At 6 months of age the ONL had almost completely disappeared 

and the reflective layers at the external retina were no longer identifiable (Figure 3F, 5E). Inner 

retinal layers were preserved for a longer time period and the IPL was easy to recognize throughout 

the course of degeneration.  At 11 months of age and older, the OPL was also difficult to delimit 

(Figure 4A, 5G). There were gaps inside the layer and its hyperreflectivity was close to the 

remaining photoreceptors. The IPL was the most preserved layer in the OCT images remaining 

even in aged animals as a disrupted layer (Figure 4A, 4C, 4E, 5I, 5K). Some areas showed 

remaining areas of ONL with its low reflectivity separated by increased reflectivity changes crossing 

the remaining retina. With the degeneration progressing, retina vessels were more evident in the 

cross sections and their walls increased their reflectivity.  

Using the posterior pole protocol for evaluating glaucoma damage in humans, retinal thickness was 

measured in 1x1 mm squares in 30° retina centered at the optic nerve. Segmentation of the total 

retina and the complex ONL + RPE was performed. Squares around the optic nerve were not 

included in the analysis. Retinal thickness was preserved in young P23H rats a compared to SD 

rats; in fact retinal thickness was greater in young P23H rats than in the older SD rats (Figure 6A). 

From P19 to 8 months, the total retinal thickness decreased (Figure 6A). The main decrease was at 
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the ONL + RPE level. Note that although the total retinal thickness was higher in P23H rats at P18 

than SD 11 months rats, the complex ONL + RPE was already decreased at this age (Figure 6B). It 

was not possible to perform layer segmentations on older rat retinas.  

4. OCT and Immunohistochemistry:

To determine the correlation between OCT and IHC, total retina sections were studied in the central 

retina using the optic nerve as a landmark. With the degeneration, retina showed a clear reduction 

in the thickness of the ONL layer with the progressive loss of rows of photoreceptors. Anatomical 

changes increased with age and, in the oldest rats, there was almost a complete loss of 

photoreceptors with some preservation of the INL. The RPE cell layer was also disrupted and 

columns formed by the migration of RPE cells into the neural retina, could be seen not only by IHC 

but also in OCT profiles (Figure 3-4). 

The relationship between hyperreflective layers of the OCT and the anatomical structures assessed 

by histology is shown in Figure 3 and 4. Higher magnification shows a more detailed structural 

correlation between both techniques (Figure 5). Using OCT, it is possible to identify all retinal layers 

in SD, and in at early stages of the disease, in P23H rats, from P22 to P60 (Figure 3A-E). But the 

degree of photoreceptor loss and resulting changes in retinal structure by 6 months of age in the 

P23HL-1 rat make difficult to use the OCT to assess the real status of the outer retina that is 

apparent by histology (Figure 3F-G; 5E-F). At late stages in the course of retinal degeneration OCT 

images provided poor resolution between outer retina and RPE; despite this limitation, it is possible 

to establish, in advanced stages of the degeneration, a good correlation between the INL, IPL and 

GCL with both techniques. The INL was well defined by OCT until 12 month of age (Figure 4A, 5G) 

correlating with histology (Figure 4B, 5H) but, in older animals (20 and 27 months), the INL showed 

a discontinuous distribution (Figure 4C, 4E; 5I, 5K) likely corresponding to invasion of the neural 

retina by blood vessels accompanied by RPE (Marc et al., 2003; Pennesi et al., 2008) (Figure 4D, 

4F; arrows). These structures could be observed at OCT and IHC at 12 months-old rats (Figure 4B-

F). 

5. Anatomical Correlation of SD-OCT and histology in the outer retina:

Newer OCT instruments capture very high resolution images. Using this in vivo technology we have 

characterized the relationship between retinal morphology obtained with OCT and IHC in healthy 

and degenerated retinas.  Figure 7 shows the relationship between the hyperreflective layers of the 

outer retina acquired by OCT with two different histological techniques, immunoflourescence and 

hematoxylin staining in both pigmented (Figure 7 A-C; G-I) and albino rats (Figure 7 D-F; J-L). We 

used a combination of three markers of retinal cells (Figure 7A, D, G, J). Rod-photoreceptor outer 

segments were visualized using anti-Rhodopsin antibodies (red); Müller cells were marked with 

anti-CRALPB and mitochondria were identified using antibodies against Cytochrome oxidase 
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complex IV (presented in green). The purpose was to distinguish the outer limiting membrane 

(OLM) from the photoreceptor ellipsoid located at the inner segments, where the high density of 

mitochondria showed a good staining with cytochrome oxidase IV.  

Figure 7 reveals a striking correspondence in retinal morphology between immunostaining (7A, 7D), 

OCT images (7B, 7E) and Hematoxylin histology (7C, 7F). At high magnification (Figure 7G-L) 

allowed the correlation at the most outer retina. The first tight hyperreflective layer corresponded to 

OLM as could be corroborated with the outer Müller cells processes identify by the CRALBP 

immunostaining (Figure 7G, 7J), and the hematoxylin staining (Figure 7I, 7L). The second 

hyperreflective layer corresponds to photoreceptor ellipsoids filled with mitochondria in this area. 

Between these two hyperreflective layers, the hyporeflective one might correspond with 

photoreceptors myoids. The third hyperreflective layer corresponded with photoreceptors outer 

segments and the forth hyperreflective layer might be the RPE and Bruch’s membrane; however, 

there is a tight hyporeflective area inserted between the third and fourth layers that might be the 

apical portion of RPE cells, where many melanin granules were seen in the pigmented animals with 

no melanin granules in albino animals (Figure 7I, 7L). 

The boundary between choroid and sclera was easy to identify in pigmented animals (Fig 7 G-I), but 

not in albino rats. The melanin granules in the pigmented animals absorbed the light (Figure 7H) 

whereas in albino rats the light could penetrate the tissue (Figure 7K).  

6. Retinal remodeling in P23H Rat in late stages of degeneration:

Retinal degeneration in P23H-L1 rat has been described in detail from early stages up to 6 months 

of disease progression (Cuenca et al., 2004). Few studies have focused on retinal degeneration of 

P23H rats at more advanced ages except in the context of retinal degenerative remodeling (Jones 

et al., 2003; Marc et al., 2003).  

Specific retinal markers were used to examine the preservation of both plexiform layers and 

postsynaptic photoreceptor cells (bipolar and horizontal cells). OCT findings revealed that the IPL 

was maintained throughout the course of retinal degeneration with some disruptions at later times. 

Similar findings were observed with IHC. Antibodies against bassoon as a presynaptic marker and 

anti-PKC-α were used to examine the alterations in photoreceptor-bipolar cell synapses. The 

retinas of non-dystrophic SD rats showed a layer of bassoon dots related to bipolar dendrites 

(Figure 8A). IPL was identified as 5 laminae of bassoon disposition. ONL synaptic connectivity was 

almost absent at 12, 18 and 27 months (Figure 8B-D). Some remaining bassoon dots could be 

found. However, the IPL was preserved with loss in the normal 5 line-morphology, becoming a non 

organized layer of bassoon dots.. Changes in rod bipolar cells were evidenced as a loss of their 

dendrites, modifications of the cell body position, with cells of different sizes and a diminution of the 

lobular appendix (Figure 8B-D). Similar findings could be seen using immunostaining against 
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GNB3, a specific marker of bipolar cells and cone photoreceptors (Figure 8F-H), indicating that 

both, cone and rod bipolar cells, underwent similar changes at these ages. Rhodopsin and GNB3 

immunolabeling in photoreceptor outer segments showed a total loss of rod and cone photoreceptor 

cells (Figure 8F-H) compared to wild type retinas (Figure 8E).  

Retinal immunolabeling against anti-calbindin was used to explore morphological changes in 

horizontal and amacrine cells. In addition, their synaptic contacts with photoreceptor cells at the 

OPL were visualized by anti-CtBP2 staining (Figure 8I-L). In wild type SD retinas, horizontal cells 

exhibited numerous dendritic tips associated with CtBP2 dots corresponding to photoreceptor 

axons at the OPL level (Figure 8I). Calbindin immunostaining exhibited a well-defined IPL in the 

control retina (Figure 8I). From 12 to 27 months-old there was a complete loss of horizontal cell 

dendrites at the OPL and horizontal cell bodies were mislocated (Figure J-L) whereas the IPL 

structure appeared to be preserved until 18-27 months, at which time a break of the layer due to 

mislocalization of somas from INL and an invasion of cells and vessels with RPE were recognized 

using both techniques (Figure 7H-L; Figure 8L). 

DISCUSSION: 

The introduction of new in vivo imaging techniques for clinical practice has been a revolution in the 

evaluation of retinal and optic nerve diseases. Devices used in clinical practice can be successfully 

applied in preclinical research. It is now possible to investigate the time-course of retinal 

degenerative diseases and therapeutic approaches with retinal imaging tools including cSLO and 

OCT, providing a high-resolution image of retinal structure in small animals (Berger et al., 2014; 

Cuenca et al., 2014b; Fischer et al., 2009; Huber et al., 2009; Wang et al., 2012). The advantages 

of decreasing the number of animals required for a study and the ability to conduct longitudinal 

studies of retinal degeneration are profound.   

FAF is widely used to assess retinal changes in degenerative diseases. Our findings in albino rats 

are difficult to compare with previous studies conducted in pigmented animals.  Choroidal reflectivity 

was seen in normal and young diseased animals. At the early time points FAF changes were similar 

to those described in RP models or patients. The biretinoid precursors that constitute RPE 

lipofuscin originate in the photoreceptor outer segments (Ben-Shabat et al., 2002). The outer 

segments of the sick rods phagocytosed by the RPE appear as sparse hyperfluorescent dots. 

Hyperfluorescent changes at the subretinal space have been documented in other models of retinal 

diseases including the rd7 mouse (Nr2e3rd7) in which hyperfluorescence was interpreted as 

macrophage recruitment (Wang et al., 2009). Issa et al. (2012), described FAF patterns of different 

models of retinal diseases including Abca4
-/- where there is extensive lipofuscin accumulation, or 

other rodent models with rhodopsin mutations, such as Pde6b
rd1/rd1 or Rho

-/- mice in which FAF was 

found in much lower levels. Genetic retinal diseases present a different FAF pattern depending on 
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the mutation and the primary affected cell type; FAF quantification may be a good guide in certain 

genetic defects including mutations in ABCA4, RPE65, RDH5 and MERTK (Schütt et al., 2000; 

Sparrow et al., 2000; Weng et al., 1999). Retinal alterations observed in animal models are a good 

guide to assess the changes anticipated in humans with similar mutations. FAF will be different 

depending on the wavelength used and albino animals such as BALB/c or our P23H will have low 

790 FAF levels due to their lack of melanin. Animal models with a more rapid disease progression 

will present areas of increased FAF surrounding areas of atrophy (Issa et al., 2012). 

A common finding in RP patients is the modification of the retinal vasculature with severe vessel 

attenuation and vessels that appear threadlike. Changes on the vascular vessels are related to the 

thickening of the extracellular matrix associated with the RPE migration (Li et al., 1995). The loss of 

retinal vascularization occurs when the RPE surrounds them. These changes were not marked in 

the albino P23H rat. Using angiogram we have shown a diminution of capillary network at some 

changes in great vessels at late stages, but with a preserved vascular supply. Some dye diffusion 

could be seen; this finding has been related to endothelial fenestration and the thick perivascular 

matrix (Li et al., 1995). 

OCT imaging allows longitudinal monitoring of patients and experimental animal models of retinal 

diseases (Berger et al., 2014; Cuenca et al., 2014b; Huber et al., 2009). Our findings in the P23H 

rat demonstrate a good relationship between the anatomical changes detected by OCT and IHC. 

The best correlation was observed early in the disease course, when all of the retinal layers could 

be easily identified. At early stages, both OCT and IHC showed similar findings, a primary 

diminution of retinal thickness related to the loss of photoreceptors with a decrease in ONL layer. 

After photoreceptor degeneration, around 2 months of age, the INL and IPL were the easiest layers 

to identify using OCT. At later stages of degeneration, a disrupted INL could be recognized. The IPL 

was seen preserved in older ages as in other animal models (Cuenca et al., 2014b). In previous 

papers we demonstrated that, although IPL was seen preserved with both techniques, we were not 

able to establish a good correlation in the measures using both OCT and IHC. OCT analysis does 

not provide as many details as IHC and it is not possible to visualize changes at a cellular level or in 

the synaptic connectivity or to elucidate modifications at advanced stages of disease.  

Thus, our findings confirm that OCT is a good technique to characterize retinal degeneration but 

cannot substitute for detailed anatomical studies.  

There are still controversial points in the OCT interpretation of the hyperreflective layers at the outer 

retina (Fleckensteinet et al., 2008; Huber et al., 2009; Wang et al., 2012). These bands are 

important to evaluate retinal degeneration and the efficacy of therapeutic approaches. These four 

layers are easy to identify at the beginning of the retinal degeneration but become difficult to 

distinguish in the P23H rats older than 2 month of age. Recently Berger et al. (2014) and Cuenca et 
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al. (2014b) described these outer bands in retinal detachment and a degenerative rat model with 

some small discrepancies. We tried to clarify this issue using different techniques. It is clear that the 

first hyperreflective band is the OLM (Berger et al., 2014; Cuenca et al., 2014b). We show here that 

the second hyperreflective band corresponds to the mitochondria of the photoreceptors ellipsoids 

(see paper). The photoreceptor myoids should be the hyporeflective band located between them 

where endoplasmic reticulum and Golgi apparatus are located. The third hyperreflective band must 

correspond to the photoreceptor outer segments full of disk membranes and the fourth band, as 

Berger proposed; correspond to the RPE and Bruch’s membrane (Berger et al., 2014). Our results 

suggest that the hyporeflective band between the third and fourth band could correspond to the 

melanin granules located at the apical portion of the RPE.  

One limitation of current OCT imaging resolution could be in the assessment of therapeutic 

approaches for retinal disease. In studies using neurotrophic factors (Cuenca et al., 2014a; 

Kolomeyer and Zarbin, 2014) antiapoptotics (Fernandez-Sanchez et al., 2011) or antioxidants 

(Fernandez-Sanchez et al., 2012)  treatment success was identified by photoreceptor persistance, 

which differed by only 3 rows of photoreceptors, corresponding approximately to 16 microns. This 

small thickness modification is difficult to evaluate with OCT using manual segmentation. Cell-

based therapy injecting at peripheral retinal would be also difficult to assess is another treatment 

option, using different cell types (Cuenca et al., 2013; McGill et al., 2012; Pinilla et al., 2007; Pinilla 

et al., 2009). Transplantation in animal rodents is usually performed at the peripheral retina and 

could be difficult to assess with OCT. 

The P23H rat is a widely studied model of adRP (Cuenca et al., 2004; LaVail et al., 2000). The 

retina shows a progressive deterioration with a laminar disruption and retinal reorganization. The 

loss of rods in the P23H rat results in rapid changes in the synaptic relay to rod bipolar cells and the 

morphology of horizontal cells followed by later changes at the ganglion cell layer. These two 

important morphological changes during the degeneration are impossible to visualize with the 

resolution of the currently available OCTs. Remodeling at late stages of the degeneration have also 

been described in detail in previous studies and different models or human RP (Haq et al., 2014; 

Jones et al., 2003; Marc et al., 2003; Milam et al., 1998; Villegas-Perez et al., 1998). The diminution 

of the retinal total thickness and changes on the retinal layers with the appearance of columns 

through the remaining layers, could be observed in our OCT profiles. Based on their findings, Jones 

and Marc (2005) described three phases of the retinal degeneration: the first one corresponds to 

the photoreceptor stress should be followed by the second stage of photoreceptor loss and finally a 

complex retinal remodeling. Cuenca et al. (2014a) separates these phases in 4 different ones 

based on treatment options. A clear fact is that after losing the photoreceptors, the retina suffers 

transformation and remodeling. Müller cell hypertrophy, and survivor neurons migration could be 

observed in our long term P23H rat degeneration. Not only these changes but also the RPE 
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migration trespassing the whole retina accompanied by vascular vessels. These columns could be 

easily seen not only at the ICC but also in OCT profiles. In conclusion, the combination of SD-OCT 

imaging, angiography, fundus autofluorescence and immunohistochemistry has improved our 

understanding of the long-term alterations in retinal morphology in animal models of retinal 

degeneration. Although, the application of noninvasive methods enables longitudinal studies and 

decreases the number of animals needed for a study, immunohistochemistry remains an essential 

tool to identify and characterize retinal changes at the cellular level.  
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Table 1.- Primary antibodies 

Molecular marker (Initials) Antibody (reference) Source and catalog number Working 

dilution 

Bassoon 
Mouse monoclonal. Clone: SAP7F407 
(Fernandez-Sanchez et al., 2011 ; Cuenca 
et al., 2005) 

Enzo Life Sciences (ADI-
VAM-PS003) 1:1000 

Calbindin, D-28K (CB) Rabbit polyclonal (Oh et al., 2007, Ritchey 
et al., 2010) Swant (CB-38a) 1:500 

Cytocrome Oxidase IV Mouse monoclonal. Clone: 20E8 
(Fernandez-Sanchez et al., 2011) Molecular Probes (A21348) 1:1000 

CRALBP Mouse Monoclonal. Clone: B2 (Fernandez-
Bueno et al., 2012) Abcam (ab15051) 1:1000 

C-terminal Binding Protein-2 (CtBP2) Mouse monoclonal. Clone: 16/CtBP2 (Tom
Dieck et al., 2005) BD transduction (612044) 1:1000 

Guanine Nucleotide Binding protein 3 
(GNB3) Rabbit polyclonal (Ritchey et al., 2010) Sigma (HPA005645) 1:50 

Protein kinase C,  isoform (PKC) 
Rabbit polyclonal (Gong et al., 2007; 
Barhoum et al., 2008) 

Santa Cruz Biotechnology 
(sc-10800) 1:100 

Rhodopsin, Rho Rabbit polyclonal (Fernandez-Bueno et al., 
2012) 

Millipore (AB9279) 1:500 

Rhodopsin, Rho 1D4 (Rho) Mouse monoclonal (Souza et al., 2012) Millipore (MAB5356) 1:500 

http://www.ncbi.nlm.nih.gov/gene/2784
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FIGURE LEGENDS: 

Figure 1: Fluorescein and indocyanine green angiography of normal SD rat and P23H rat at 

different ages. Fluorescein angiography (FA) showed normal retinal vessels in both normal SD rats 

(A) and P23H rat at 2 and 8 month old (B-C). In the angiogram of the older rats, changes were 

noted at great vessels. At 20 and 27 months, the great vessels showed anomalies in their wall and 

diffusion in peripheral veins (D-E). Changes in capillary network were recognized at 20 and 27 

months (D-E). During indocyanine green angiography (IGA) rats displayed both retinal and 

choroidal vasculature (F-H), although no clear changes could be recognized during the course of 

the degeneration.  

Figure 2: Fundus autofluorescence changes in P23H line 1 albino rat at different ages and 

comparison with normal SD rat. Panel A and B show SD normal rat and P23H at P20 with no AF 

dots in their fundus image. Choroid was visible because the lack of RPE pigmentation. P23H albino 

rat 2 months old (C) showed sparse AF dots all over the retina. Panel D-F represents P23H at 8, 20 

and 27 months old with increased FAF changes. Retinal sections for AF evaluation in green 

channel showed increased fluorescence at RPE level in P23H rat retina from 12 to 27 months (H-J) 

compared to SD retinas (G). Scale bar: 20 microns. 

Figure 3.  OCT profiles correlation with IHC (I). Segmentation and IHC of SD and P23H retinas 

at different ages. Note the difficulties to delimit the outer retina and the RPE due to the lack of 

pigmentation. OCT and retinal sections of SD (A-B) and P23H rat retina at P18-22 (C-D), 2 months 

(E) and 6 months (F-G) stained with PKC- (green) and bassoon (red). OCT images showed clear 

diminution of ONL thickness with age. Scale bar: 200 microns. 

Figure 4. OCT profiles correlation with IHC (II).  OCT (A,C,E) and retinal sections stained with 

antibodies against PKC- (green) and bassoon (red) (B,D,F) of P23H retinas form 11 months-old 

(A,B), 20 months-old (C,D) and 27 months-old (E,F). In advanced stages of degeneration, it is 

possible to visualize with both techniques a disruption at IPL layer that could corresponds to 

invasion of the neural retina by blood vessels accompanies by RPE (arrows). Scale bar: 200 

microns. 

Figure 5. High magnification OCT and histology profiles during P23H rat retina aging. OCT 

and histology showed good correlation during retinal aging in P23H rat retina (C-L) comparing with 

wild retinas (A-B). High magnification allows to correlate nuclear and plexiform layers using both 

techniques. In advanced stages of degeneration it is possible to identify the IPL disruption (I-L). 

Scale bar: 100 microns. 

Figure 6: Posterior pole protocol for evaluating retina thickness. Segmentation of the total 

retina and the complex ONL + RPE was performed as is represented in 1x1 mm squares of the 30° 
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retina centered in the optic nerve. Thicknesses are expressed in a color code. Retinal thickness 

was preserved in young animals compared to SD rats; in fact the main value of thickness was 

higher in young P23H rats than in the older SD normal ones (Panel A vs C). From P19 to 8 months, 

the total retinal thickness diminished (Panel C, E, G). The main diminution was at the ONL + RPE 

level. Differences were statistically significant (n=4). 

Figure 7: Anatomical correlation between OCT and IHC. 

Comparison between immunohistochemistry (A,D,G,J), OCT (B,E,H,K) and hematoxylin staining 

(C,F,I,L) in pigmented LE (A-C; G-I) and albino SD rats (D-F; J-L). OCT and IHC profiles showed a 

good correlation at nuclear and plexiform retinal layers in albino (A-C) and LE pigmented (D-F) rat 

retinas. In high magnification images at the outer retina in albino rats (G-I) or pigmented rats (J-L) is 

possible to correlated the different hyperfluorescent layers with histological findings, although there 

are differences due to light transmission at choroid/scleral level in albinism. Scale bar: 40 microns 

(A- F), 20 microns (G,I,J,L). 

Figure 8. Retinal immunostaining during advanced retinal degeneration in P23H rat retina. 

Vertical sections stained with antibodies against protein kinase α (PKCα) in green to visualize rod 

bipolar cells, and against bassoon to visualize ribbon synapses in red in SD (A) and P23H from 12 

to 18 months-old and older (B-D) showed clear signs of rod bipolar degeneration with soma 

mislocation at the OPL level. Staining against rhodopsin (red) and GNB3 (green) in SD (E) and 

P23H from 12 to 18 months-old (F-H) showed a total rhodopsin loss of in these stages as well as a 

loss in GNB3 immunoreactivity in bipolar cells and disruption at the IPL level (G-H). Immunostaining 

against calbindin (green), a specific marker for horizontal cells, and CtBP2 (red), a pre-synaptic 

ribbon marker in SD (I) and P23H from 12 to 18 months-old (J-L), showed similar results with loss of 

connectivity and disruption at the IPL level. ONL: outer nuclear layer; OPL: outer plexiform layer; 

INL: inner nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell layer. Scale bar: 20 microns. 
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Table 1.- Primary antibodies 

Molecular marker (Initials) Antibody (reference) Source and catalog number Working 

dilution 

Bassoon 
Mouse monoclonal. Clone: SAP7F407 
(Fernandez-Sanchez et al., 2011 ; Cuenca 
et al., 2005) 

Enzo Life Sciences (ADI-
VAM-PS003) 1:1000 

Calbindin, D-28K (CB) Rabbit polyclonal (Oh et al., 2007, Ritchey 
et al., 2010) Swant (CB-38a) 1:500 

Cytocrome Oxidase IV Mouse monoclonal. Clone: 20E8 
(Fernandez-Sanchez et al., 2011) Molecular Probes (A21348) 1:1000 

CRALBP Mouse Monoclonal. Clone: B2 (Fernandez-
Bueno et al., 2012) Abcam (ab15051) 1:1000 

C-terminal Binding Protein-2 (CtBP2) Mouse monoclonal. Clone: 16/CtBP2 (Tom
Dieck et al., 2005) BD transduction (612044) 1:1000 

Guanine Nucleotide Binding protein 3 
(GNB3) Rabbit polyclonal (Ritchey et al., 2010) Sigma (HPA005645) 1:50 

Protein kinase C,  isoform (PKC) 
Rabbit polyclonal (Gong et al., 2007; 
Barhoum et al., 2008) 

Santa Cruz Biotechnology 
(sc-10800) 1:100 

Rhodopsin, Rho Rabbit polyclonal (Fernandez-Bueno et al., 
2012) 

Millipore (AB9279) 1:500 

Rhodopsin, Rho 1D4 (Rho) Mouse monoclonal (Souza et al., 2012) Millipore (MAB5356) 1:500 
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