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Abstract

Purpose.—To examine the in vivo microanatomy of retinal folds and geographic lesions in dogs 

with acquired or inherited retinal dysplasia.

Material and methods.—Thirteen dogs had retinal microanatomy evaluation under general 

anesthesia using cSLO/sdOCT; two eyes had non-inherited multifocal retinal folds, five had 

inherited multifocal retinal folds (drd1 or drd2), and 10 geographic retinal dysplasia. Retinas from 

two drd2 carrier dogs were examined by histology and immunohistochemistry (IHC) after in vivo 
imaging.

Results.—Retinal folds are the common feature of acquired focal/multifocal or geographic 

retinal dysplasia, are indistinguishable structurally from those associated with syndromic oculo-

skeletal dysplasia, and represent outer nuclear layer invaginations and rosettes visible by sdOCT. 

In dogs heterozygous for oculo-skeletal dysplasia, the folds form clusters in a perivascular 

distribution along superior central vessels. IHC confirmed photoreceptor identity in the retinal 

folds. The geographic dysplasia plaques are not focally detached, but have inner retinal 

disorganization and intense autofluorescence in cSLO autofluorescence mode that is mainly 

limited to the geographic lesion, but is not uniform and in some extends beyond the plaques.

Conclusion.—We propose that the autofluorescent characteristic of the geographic lesions is 

associated with an inner retinal disruption associated with perivascular or infiltrating macrophages 

and phagocytosis of cellular debris. As well, we suggest restructuring the examination forms to 

distinguish the folds that are sporadically distributed from those that have a perivascular 

distribution as the latter likely represent carriers for drd. In this latter group, DNA testing would be 

a helpful tool to provide specific breeding advice.
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Introduction

Retinal dysplasia (RD) is a defect of retinal differentiation which groups a number of 

unrelated abnormalities with different phenotypic characteristics and genetic, environmental 

or unknown etiologies.[1–5] In the dog, the generalized form of RD is characterized by 

detachment from the retinal pigment epithelium (RPE) of the abnormally developed retina at 

birth, or during the first 6 weeks of life, the time period when the retina undergoes the major 

period of postnatal maturation.[6, 7] Autosomal recessive inheritance of generalized RD is 

well supported for some though not in all reported breeds, e.g. Labrador retriever[8], 

Sealyham[9], Yorkshire[10] and Bedlington[11] terriers. The focal/multifocal form is 

characterized by a wide spectrum of ophthalmoscopically visible abnormalities ranging from 

retinal folds that appear as streaks, dots and/or vermiform lesions present singly or in 

multiples, and located in the tapetal or non-tapetal regions. Non-syndromic focal/multifocal 

retinal dysplasia is recognized as a familial trait in the American cocker spaniel[12], and as 

an autosomal recessive disorder in the English springer spaniel[13, 14]; in the latter breed, 

the folds are only part of a more complex pattern of retinal defects.[15, 16] In multiple other 

breeds, e.g. Beagle[17], Rottweiler[18] and Golden Retriever[19] possible inheritance of the 

trait is suspected but there is lack of supporting formal or convincing genetic studies.

Lastly, a version of the focal/multifocal form of RD, termed geographic RD, is recognized as 

a distinct clinical entity. The characteristic lesion is a thickened circular plaque of retinal 

tissue located in the posterior pole and/or equatorial regions of the fundus.[20] In the tapetal 

region, they appear darker and alter the normal tapetal reflectivity; in the non-tapetal region 

the lesions appear as circular gray to white plaques. Regardless of their location, retinal folds 

partially or completely surround the lesions. Unlike the generalized or focal/multifocal 

forms of RD, some dogs with geographic RD lesions do not have clinically evident fundus 

lesions early, before 10 weeks of age, and, more often, the lesions develop later when they 

are young adults.[20]

Retinal dysplasia is also a component of more severe inherited syndromic diseases, the so 

called oculo-skeletal dysplasias.[21–23] The disease loci are termed drd1 and drd2 
(dwarfism with retinal dysplasia 1 and 2) in the Labrador retriever and Samoyed breeds, and 

represents non-allelic oculoskeletal disorders caused, respectively, by mutations in the 

COL9A3 and COL9A2 genes.[24] Homozygous affected dogs exhibit short-limbed 

dwarfism affecting the forelimbs, and a constellation of ocular changes which, in the most 

severe form, are characterized by complete retinal detachment and cataracts. Some 

heterozygous dogs have lesions limited to the retina, and consist of vitreal strands and focal/

multifocal RD.[22, 23, 25] Although described as retinal folds, the essential clinical features 

of RD in dogs heterozygous for either mutation differ from the “garden variety” retinal folds 

found sporadically in dogs. In these dogs the retinal folds generally are located in the 

posterior pole and with a perivascular distribution along the superior venules and arterioles.

[21] In contrast to the specific phenotypes present in homozygous and heterozygous drd1 
and drd2 dogs, a recent study described a possibly syndromic RD found in a research colony 

derived from a single affected female Pit Bull terrier. The disease is inherited as autosomal 

dominant, and affected dogs are shorter in stature and have a spectrum of retinal lesions 
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ranging from multifocal and geographic lesions to retinal detachment. To date, the disease-

causing gene/mutation has not been identified.[26]

Because most of the milder phenotypes associated with RD, focal/multifocal folds or 

geographic lesions, cause little or no visual impairment, there is a paucity of histologic 

studies that can complement the clinically observed fundus changes. A detailed histologic 

study of retinal folds in the Beagle has been carried out[27], but, to our knowledge, the 

structural lesions of geographic RD have yet to be reported. Given that very high resolution 

in vivo imaging modalities are now available, e.g. confocal scanning laser ophthalmoscopy 

and spectral domain optical coherence tomography (cSLO and sdOCT), we have carried out 

detailed non-invasive imaging to define the in vivo retinal microanatomy of sporadic and 

inherited RD in the dog. For the purpose of this study we have used the term acquired to 

distinguish the sporadic disorders from those that truly are inherited. Our results show that, 

in spite of being etiologically distinct, retinal folds are structurally similar, and that the 

lesions of geographic RD point to an inner rather than outer retinal abnormality.

Material and methods

Dogs

Thirteen dogs were included in this study; summary details and clinical diagnoses for each 

are in Table 1. The 10 service dog candidates from The Seeing Eye, Inc. included German 

shepherds, Labrador retrievers and Labrador retriever/Golden retriever crosses. These dogs 

were bred as service dogs for the blind, and had their first ophthalmic examination 

(biomicroscopy and indirect ophthalmoscopy after pharmacologic mydriasis) at 5–6 weeks 

of age before leaving the breeding station for a “puppy raiser” home. With the exception of 1 

dog, F379 (Table 1), in which retinal folds were noted at 5–6 weeks of age in the non-tapetal 

junction of the right eye, the remaining 9 dogs were normal at this first examination. 

Subsequently, F379 developed geographic retinal dysplasia in the tapetal region of the left 

eye, and the retinal folds disappeared from the right eye. At 14–15 months of age the dogs 

returned to the training center, and during routine pre-training ophthalmic examination using 

the same methods, the lesions noted in Table 1 were identified. The late development of 

geographic retinal dysplasia lesions is consistent with what we have previously reported.[20] 

None of the parents of dogs from The Seeing Eye, Inc. were affected with retinal dysplasia 

(focal, multifocal, geographic or generalized), or any other inherited ocular disorder as 

determined by yearly eye examinations, pre-breeding ERGs, and DNA testing for prcd in 

Labrador retrievers if parental status is unknown. In all but one case, the non-invasive retinal 

imaging was done at a single time point. The exception (Table 1- B191) was examined 3 

times in the 15–29 month age interval.

One dog (Table 1, M111) being trained at the Penn Working Dog Center was identified 

during the annual ACVO/StokesRx National Service Animal Eye Exam program. Lastly, 

two dogs were part of the breeding colony at the Retinal Disease Studies Facility (RDSF) of 

the University of Pennsylvania, School of Veterinary Medicine. They were mixed breed with 

Samoyed background, and had originated from the colony used to map the drd2 locus that 

identified the causal COL9A2 gene/mutation responsible for oculo-skeletal dysplasia in the 
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Samoyed breed (Table 1).[24] In none of the dogs was antibody or PCR testing for canine 

herpesvirus 1 performed.

Examination procedure

Ophthalmic examination was performed in all study dogs using binocular indirect 

ophthalmoscopy and biomicroscopy after mydriasis. Fundus photographs were taken with a 

hand-held Genesis-D Camera (Genesis; Kowa Company Ltd; Tokyo; Japan) directly or 

indirectly through the Volk 20 diopter lens[20], or with the RetCam wide field retinal 

imaging system using a 130° lens (Clarity Medical Systems, Inc.; Pleasanton; CA; USA). 

All procedures were in full compliance with the ARVO Statement for the Use of Animals in 

Ophthalmic and Vision Research, and approval by the University of Pennsylvania 

Institutional Animal Care and Use Committee (804956).

Genetic test for oculo-skeletal dysplasia syndrome

A 3ml blood sample was collected in EDTA tubes and sent to OptiGen, LLC 

(www.Optigen.com) from all dogs, and tested for COL9A2 and COL9A3 gene mutations. 

The results of the testing are summarized in Table 1. Except for 3 dogs that were carriers for 

drd1 or drd2, the remaining dogs were found to be homozygous wildtype (WT) at both loci.

Non-invasive in vivo retinal imaging

In vivo retinal imaging was performed with dogs under general anesthesia. Briefly, the dogs 

were pre-medicated with SQ acepromazine (Phoenix, Clipper Distributing Company, St-

Joseph, MO) and atropine (Med-Pharmex Incorporated, Pomona, CA), and induced with IV 

propofol (4–6mg/kg; Zoetis, Kalamazoo, MI) and maintained in a semi-closed circuit of 2–

3% Isoflurane (Akorn Inc., Lake Forest, IL). Imaging was performed using a combined 

confocal scanning laser ophthalmoscopy (cSLO) and spectral domain optical coherence 

tomography (sdOCT) Spectralis™ HRA/OCT instrument (Heidelberg Engineering, 

Germany). Near-infrared (IR) en face and autofluorescence (AF) images of the fundus were 

acquired using a 55° lens and 820 nm and 488 nm wavelengths, respectively. Vertical and 

horizontal sdOCT raster scans from the lesions and from normal retinal areas were obtained 

using a 30° lens. Settings were fixed in 49 sequential B-scans separated by a 120 μm 

distance and ART (automatic real time) mean of 9 for each scan; however, size of area was 

adjusted according to the size of lesion. Single B-scans were also performed from some 

lesions with settings fixed as 30° line and ART mean of 20. In all but one case (B191) raster 

and single scans were acquired using the high-resolution mode. In B191’s case raster and 

single scans were acquired using the high-speed mode due to strong eye movement, but 

following the same settings previously described. Detailed anesthesia and the cSLO and 

sdOCT procedures have been described in several of our recent publications.[28–30] To 

further characterize the geographic retina dysplasia lesions, we carried out manual 

segmentation of the OCT scans. Three retinal thickness measurements, each 250 μm apart, 

were taken in the approximate center of the lesion and in adjacent normal retina on the 

temporal and nasal sides in areas lacking prominent retinal vessels. The measurements 

included the distance from the internal to external limiting membrane (ILM-ELM) and ILM 

to vitreal border of outer nuclear layer (ILM-vONL).
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Tissue processing, histopathology and immunohistochemistry (IHC)

After imaging, the two drd2 carrier dogs from the research colony were euthanatized with an 

overdose of pentobarbital sodium injected intravenously and the eyes collected. The right 

globes were fixed in 4% paraformaldehyde (PFA) in 0.1M phosphate-buffered saline at 4°C 

after a slit was made with a razor blade anterior to the ora serrata. After 3 hours in 4% PFA, 

the posterior segment was isolated, the vitreous gently removed, and the eyecup fixed for 

additional 24 hours in 2% PFA at 4°C. Tissues were then trimmed and cryoprotected for 24 

hours each in 15% and 30% sucrose in 0.1M sodium phosphate and 0.15M sodium chloride 

at 4°C, and embedded in optimal cutting temperature medium, frozen, and stored at −80°C. 

Ten μm-thick retinal cryosections extending horizontally in the tapetal area through the 

retinal lesions were cut and used for immunohistochemistry (IHC), as previously reported.

[31] Double labeling IHC using primary antibodies directed against rod opsin (Rho), human 

cone arrestin (hCA) and RPE65 was performed as previously described[31] to identify the 

presence of photoreceptors and RPE cells in the dysplastic lesions.

The left globes were fixed in Alcoholic Bouin’s 80% solution and transferred to 70% 

ethanol after 72 hours. Globes were then sent to Excalibur Pathology Inc. (Norman, OK) for 

further processing. Six μm-thick retinal sections extending horizontally in the tapetal area 

through the retinal folds were cut, stained with H&E and used for standard histological 

evaluation.

Results

Non-syndromic multifocal retinal dysplasia

Two dogs (2 eyes) were diagnosed with acquired multifocal RD (Table 1). The lesions were 

typical of the retinal folds diagnosed clinically in dogs. In one (K234), the folds formed an 

incomplete ring-like pattern in the superior tapetal region just nasal to the superior vessels. 

This finding was suggestive of geographic RD except that the retina inside the ring was 

completely normal (Fig. 1A). The right eye of the second dog, B191, had the retinal folds 

scattered throughout the tapetal region (Fig. 1B). Non-invasive imaging of the dogs at 17 

and 15 months, respectively, showed absence of AF in the folds or elsewhere in the retina 

(Table 2); sdOCT clearly identified the folds and rosettes in the lesion areas, while the 

remaining retina was unaffected. Follow up examinations of B191-OD at 18 and 29 months 

indicated faint AF of some folds at 29 months (Table 2; images not shown), and complete or 

partial disappearance of some folds and re-establishment at those sites of normal retinal 

structure by OCT at that age (Fig. 2).

Syndromic multifocal retinal dysplasia

Both eyes of drd1 carrier dog (M111), and 3 of 4 eyes of two drd2 carrier dogs (D355, 

D358) had multifocal retinal folds that clustered in superior retina beginning ~1–2 disc 

diameters from superior disc edge. These clusters were located perivascularly around the 

branches of the principal superior venule and arterioles (Fig. 3) in a pattern that was the 

same as illustrated in the initial report of Labrador retrievers that were carriers for the 

disease eventually termed drd1.[21, 24] In all cases, the lesions presented as simple retinal 

folds or rosettes in the tapetal fundus, but no changes were observed in the retinal thickness 
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or morphology on sdOCT outside of these lesions. Note, however, that as the retinal folds 

clustered around the superior central vessels, this region appeared thicker. Near-infrared 

images revealed the lesions as grey dark streaks, but no autofluorescence was observed in 

AF mode in any of them (Table 2, Fig. 3).

Retinal folds, rosettes and photoreceptors morphology in syndromic multifocal retinal 
dysplasia: drd2 carriers

Histopathology sections of drd2 carrier eyes were obtained approximately from same areas 

as the sdOCT scans taken during the in vivo imaging studies. The conventional H&E stained 

sections showed the retinal folds and rosettes characteristic of RD. These were located above 

the superior edge of the optic disc; elsewhere, retinal structure was well preserved and 

normal (Fig. 4A–C). Double fluorescent IHC confirmed the presence of rod and cone 

photoreceptors in the folds and rosette lumen using photoreceptor specific antibodies (Rho, 

hCA). Labeling against RPE65, an RPE-specific protein, showed that this cell layer was 

intact and did not extend into the lumen of the retinal folds (Fig. 4D–F).

Geographic retinal dysplasia

Geographic retinal dysplasia was clinically diagnosed in 9 dogs (Tables 1 and 2). Although 

the disease occurs in both the tapetal and non-tapetal regions, in our experience it is more 

frequently observed superiorly.[20] In the present study, all dogs imaged had geographic RD 

in the tapetal region. The lesion was unilateral in seven dogs, bilateral in one, and in one dog 

the fellow eye had multifocal RD.

The characteristic fundus lesions of geographic RD are illustrated in Figs. 5 and 6; summary 

details of clinical and imaging results are presented in Table 2. The plaque-like lesions were 

present in the tapetal region and appeared as darker, circular lesions surrounded by a partial 

or complete ring of retinal folds. They appeared thicker, but showed no evidence of 

separation of the neural retina from the RPE. Some eyes showed extensions from the 

geographic plaque to presumably non-involved areas which showed brown discoloration 

(Fig. 5, F379), or finger like extensions from the plaque (Fig. 6, Z187). In most cases, the 

geographic RD plaques were associated with the major superior retinal venule, or a smaller 

tributary (Figs. 5 and 6).

Autofluorescent imaging with the cSLO showed that most of the lesions were intensely AF. 

When AF was limited to the plaque, in most cases it did not extend uniformly throughout the 

lesion, and instead was present in ~2/3–3/4 of the plaque (Fig. 5, X335). In other cases, e.g. 

F379 and Z187 (respectively Figs. 5 and 6; Table 2), AF extended beyond the clinically 

visible retinal plaque as a smooth circular patch, or finger like projections, and these 

corresponded to the tapetal color changes visible on the clinical examinations and 

documented in the color fundus images. The AF extensions appeared ‘deeper’ in the retina 

and were more intense and regular than the AF plaques. Two dogs (B191-OS and F051) did 

not have any evidence of AF in the geographic RD plaques when imaged at 15–16 months of 

age, and in a third dog (M305), faint AF was observed outside the plaque and limited to the 

surrounding retinal folds (Table 2). Re-examination of B191-OS at 18 and 29 months of age 
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demonstrated that punctate AF developed in the folds around the plaque by 29 months of 

age.

Spectral domain OCT scans of the plaques and surrounding normal retinal regions showed 

changes limited to the inner retina-inner plexiform (IPL), ganglion cell (GCL) and nerve 

fiber (NFL) layers; these layers were thicker and apparently disorganized in all eyes. This 

area of abnormal inner retina was bordered by retinal folds and rosettes that structurally 

were indistinguishable from the focal/multifocal RD folds (Figs. 5 and 6; Table 2). In those 

cases where AF extended beyond the plaque border, sdOCT analysis of this region failed to 

identify any structural abnormalities in the retina or RPE (Fig. 5, F379). Lastly, in all cases, 

there was no evidence of separation of the neural retina from the RPE.

Discussion

Non-syndromic focal/multifocal, geographic and generalized RD are considered by many 

ophthalmologists as inherited retinal defects grouped under the RD rubric in the eye 

examination registries run by the ACVO (CAER-OFA) and ECVO (Eye Scheme). Even 

though the diseases are phenotypically and causally distinct, there has been the common 

misconception that the diseases may represent a continuum, hence the grouping under RD, 

with retinal folds representing the mildest and most insignificant form, and generalized RD 

representing the most severe because it causes complete blindness at an early age. Although 

named dysplasia to indicate abnormal development, so far the early developmental defect 

was only characterized in the English springer spaniel[14], and the generalized form as 

clinical and histologic abnormalities are recognized in the first 6 weeks of development, the 

critical period of postnatal retinal maturation in the dog.[6, 7]

Focal/multifocal RD often is seen at the time of the first clinical examination, i.e. ~5–6 

weeks of age for some breeds; however, many times it is not as, for example, highlighted by 

the normal findings at 5–6 weeks in the eyes of 2 dogs (Table 1, K234-OD and B191-OD) in 

this study. As well, geographic retinal dysplasia fails to meet the criteria of dysplasia given 

that 22 of 23 dogs in a prior study[20], and all the dogs in the present study had a normal 

retinal examination at ~5–6 weeks of age in eyes that eventually developed geographic 

lesions. Obviously, the absence of disease using indirect ophthalmoscopy does not mean 

absence of microanatomic changes given that indirect ophthalmoscopy, at best, is not an 

absolute method of assessing retinal integrity. Regardless, while the term dysplasia is 

ingrained in the clinical ophthalmology lexicon, we need to be cautious and not assume that 

all of the disorders grouped under the dysplasia umbrella term represent developmental 

abnormalities that are congenital defects. That is certainly not the case for geographic RD.

Autosomal recessive inheritance has been clearly shown in generalized RD, e.g. in 

Bedlington terriers[11] and in another now uncommon disease found in Labrador retrievers.

[8, 32] For the focal/multifocal and geographic forms of RD, breeding recommendations 

depend on the clinical diagnosis, being “breeder option” for focal/multifocal and “no” for 

the geographic form, yet these recommendations are made without any formal genetic 

studies. Furthermore, as focal/multifocal and geographic RD lesions generally are 

asymptomatic in dogs, there is very limited supporting histopathologic material. To begin to 
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address questions about this very common but poorly understood group of diseases, we have 

taken advantage of high resolution in vivo imaging modalities to better characterize the 

features of the disease.

So what do the acquired and non-syndromic forms of focal/multifocal and geographic RD 

have in common? The one common finding in all is retinal folds. These appear as single or 

multiple in the focal/multifocal form, and encircling, either fully or partially, the 

characteristic retinal plaque of geographic RD. These folds also are indistinguishable from 

those associated with the drd1 or drd2 heterozygous state of syndromic RD (see below). 

Confocal SLO imaging in near IR mode shows the folds as dark gray streaks that have 

variable length, and their sides can be regular and smooth or wavy. Spectral domain OCT 

shows that the folds represent outer nuclear layer invaginations and rosettes which are the in 
vivo counterpart of the histologic abnormalities elegantly described by Weisse and 

associates [27] and illustrated in Fig. 4 of the present study.

In spite of finding that the structural features of retinal folds in acquired and non-syndromic 

forms of focal/multifocal and geographic RD are clinically and structurally 

indistinguishable, there are striking differences between the folds, and these are in their 

distribution pattern. Sporadic focal/multifocal folds can occur anywhere in the fundus, and 

the adjacent retina is normal by clinical examination or high resolution cSLO/sdOCT. In 

contrast, the folds present in carriers of drd1 or drd2 are located specifically in the posterior 

pole, above and near the optic disc, and appear as clusters of folds in a perivascular 

distribution along the superior venule and arterioles. The significance of this characteristic 

distribution is missed in routine screening examinations carried out by ACVO and ECVO 

diplomates as the default finding for retinal dysplasia is ‘folds’ and does not address the 

specific distribution of the lesions. Lastly, in regards to geographic RD, the folds are always 

adjacent to the plaque lesion, and OCT scans that extend through the major lesion show 

disorganized inner retina on one side of the fold, and structurally normal retina on the other 

(Figs. 5 and 6).

The results of the in vivo imaging studies of geographic RD were unexpected. The plaque-

like lesion is thicker than surrounding normal retina, and the structural changes are limited 

to the inner retinal layers where the IPL, GCL and NFL are thickened and disorganized. In 

most cases, the geographic RD plaques are associated with the major superior retinal venule, 

or smaller tributaries. This vascular-associated distribution also was noted in our previous 

study for lesions occurring in the tapetal and non-tapetal regions.[20]

As well, the majority of the plaque lesions showed intense autofluorescence in cSLO AF 

mode. The AF generally was limited to the geographic lesions although not all lesions 

showed uniform AF throughout; indeed in some the AF extended beyond the plaque into 

regions with no abnormalities detected on in vivo cross-sectional imaging (Table 2 and Fig. 

5). In the absence of supporting histopathology, it is tempting to speculate on the origin of 

the AF material. The inner retinal disruption associated with the plaque may be associated 

with perivascular or infiltrating macrophages and phagocytosis of cellular debris.[33] For 

AF outside the plaque, it is possible that this is located at the RPE level and represents 

photoreceptor cellular debris that has extended into the normal retina from the geographic 
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lesion. However, these are only suggestions which must await rigorous histopathology and 

IHC assessment to transition this observation from speculation to fact.

Lastly, we did have eyes from heterozygous drd2 dogs for histopathologic examination. The 

eyes with retinal folds had characteristic folds and rosettes located superior to and near the 

optic disc in the regions where the superior central retinal venules and arterioles are located. 

As expected, the folds had rod and cone photoreceptors but no RPE, thus confirming that the 

folds form from invagination of the 9 inner layers of the neuroretina without involvement of 

the RPE.

To our knowledge this is the first cSLO/sd-OCT in vivo imaging study that demonstrates the 

microanatomic differences of the geographic and the multifocal forms of retinal dysplasia in 

dogs. As well, we suggest that it is important to more specifically define the distribution 

pattern of folds in examination forms to distinguish those that are sporadically distributed 

from those that have a perivascular distribution superiorly as the latter is likely to represent 

carriers for drd. In this latter group DNA testing is important to provide specific breeding 

advice.
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Figure 1. 
Clinical and imaging findings in dogs with focal/multifocal retinal dysplasia. In both dogs 

(A, B), there is lack of autofluorescence in the folds or in the adjoining normal retina. For 

each group of images, the lower set represent the sdOCT scans illustrated for the plane of 

the green arrow. Small red arrows identify the specific folds identified in the en face image 

and OCT scans. Inside and outside of the folds, the retina is structurally normal. White 

arrow (B) points to the normal thickness of inner retina at the site of the superior venule and 

arterioles. Scale bar = 200 μm for OCT scan in A, and both scans in B.
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Figure 2. 
Serial sdOCT scans of the same retinal fold of Dog B191-OD; plane of scan noted by thin 

green arrow. The red arrow points to the retinal fold that partially disappeared by 29 months 

of age. White arrow points to the normal thickness of inner retina at the site of the superior 

venule and arterioles. Note that the small fold present adjacent to and nasal to the optic disc 

remains unchanged. Scale bar = 200 μm for OCT scans.
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Figure 3. 
Clinical and imaging findings in dogs with multifocal retinal dysplasia and having a 

heterozygous mutation in drd1 (A, Dog M111) or drd2 (B, Dog D358). In both cases the 

folds cluster perivascularly mainly along the superior venules and arterioles. For each group 

of images, the lower set represent the sdOCT scans illustrated for the plane of the horizontal 

green arrow. Small red arrows identify the specific folds identified in the en face image and 

OCT scans. Scale bar = 200 μm for OCT scans.
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Figure 4. 
Histopathological and immunohistochemical findings in eyes of dogs heterozygous for drd2. 

A. Dog D355-OS. Vertical section of the globe through the pupil/optic disc plane. The large 

red rectangle illustrates the areas illustrated at higher magnification. A deep retinal fold is 

present close to the optic disc (lower small red rectangle) while the retina is normal more 

peripherally (upper small red rectangle). B and C. Illustration of single (B) and multiple (C) 

retinal folds present in Dog # D358-OD and D355-OD, respectively. Alcoholic Bouin’s 

fixation, paraffin embedding, H&E stained. D-F. Immunohistochemistry results of Dog 

D355-OD (D and F) and Dog D358-OD (E). The area sampled and antibodies used are 

shown in the images. The rhodopsin (Rho) and human cone arrestin (hCA) label specifically 

the rod outer segment (Rho) and cones (hCA), and shows that these cells are present in the 
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folds and in the rosette lumen. RPE65 labeling is present exclusively in the RPE, and these 

cells are excluded from the folds and rosettes. Scale bars=50 μm.
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Figure 5. 
Clinical and imaging findings in dogs with geographic retinal dysplasia. The lesion plaque 

shows intense autofluorescence which is present in the lower 2/3 of the plaque (Dog X335) 

or extends beyond the plaque borders (Dog F379 white arrow). In Dog F379, the extension 

of the autofluorescence is paralleled by a change in the tapetal reflection visible in the 

fundus photograph. For each group of images, the lower set represent the sdOCT scans 

illustrated for the plane of the horizontal green arrow. Small red arrows point to specific 

folds at the borders of the geographic lesion, and identified in the en face image and OCT 

scans. Between the red arrows, the plaque lesion shows that IPL, GCL and NFL are 

thickened and irregular (white *). Outside the folds/plaque, retinal structure is normal even 

in areas that show intense autofluorescence (Dog F379, temporal to plaque). Retinal 
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thickness measurements (ILM-ELM/ILM-vONL; see methods) in the center of the 

geographic lesion in the plane of the horizontal green arrow are: 162/107 μm for X335, and 

143/101 μm for F379. The non-affected retina on either side of the lesion is ~123/75 in both 

eyes confirming that the increased retinal thickness involves the inner retina. Scale bar = 200 

μm for OCT scans.
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Figure 6. 
Clinical and imaging findings in dogs with geographic retinal dysplasia. The lesion plaque 

shows intense autofluorescence which extends beyond the lower temporal border of the 

plaque (Dog Z186-OS) or as finger like projections (Dog Z187-OS) (white arrows). These 

finger like projections are readily visible in the fundus photograph of Dog Z187-OS. For 

each group of images, the lower set represent the sdOCT scans illustrated for the plane of 

the horizontal green arrow. Small red arrows point to specific folds at the borders of the 

geographic lesion, and identified in the en face image and OCT scans. Between or next to 

the red arrows, the plaque lesion shows that IPL, GCL and NFL are thickened and irregular 

(white *). Outside the folds/plaque, retinal structure is normal even in areas that show 

intense autofluorescence (Z186-OS, temporal to plaque). Retinal thickness measurements 
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(ILM-ELM/ILM-vONL; see methods) of the geographic lesion taken in the plane of the 

horizontal green arrow for Dog Z186 (upper of 2 scans) and Dog Z187 (lower of 2 scans) 

are: 198/120 μm for Z186 and 186/108 μm for Z187. The non-affected retina on either side 

of the lesion is ~133/72 μm in both eyes confirming that the increased retinal thickness 

involves the inner retina. Scale bar = 200 μm for OCT scans.
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