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Simple Summary

This study aimed to evaluate similarities between humans and German Spitz dogs, both of
whom have vision problems caused by changes in the same gene. In humans, this condition
is called Leber’s congenital amaurosis (LCA), which leads to severe vision loss from a
young age. For this study, medical records, genetic tests, and eye exams from both humans
and dogs were reviewed. The results showed that both groups had poor or no responses
in eye function tests and changes in the back of the eye. Humans had thinner retinas and
changes in certain layers, while dogs exhibited small areas where the retina was separated.
These findings suggest that German Spitz dogs have eye problems that are very similar to
those in humans with LCA. We propose that dogs could be a useful model to test new gene
therapies for LCA in humans.

Abstract

The anatomical and physiological similarities between human and canine eyes suggest that
dogs may serve as a valuable model for studying retinopathies and developing future gene
therapies. This study aims to evaluate the similarities and differences between humans with
GUCY2D gene variants causing Leber’s congenital amaurosis (LCA) and a group of German
Spitz dogs with hereditary retinopathy due to variants in the same gene, to assess their potential
as an animal model for gene therapy research. A review of medical records, genetic testing, and
ophthalmological examinations was conducted, including data such as age, genotyping, fundus
photography, visual acuity (VA), fundus autofluorescence, optical coherence tomography (OCT),
and electroretinography (ERG). Both groups presented subtle fundus abnormalities and severely
reduced or absent ERG responses. In humans, OCT scans revealed decreased retinal thickness
and structural alterations in the outer retinal layers. Similarly, the affected dogs exhibited
focal neurosensory retinal detachments. The German Spitz model with GUCY2D variants
shows significant parallels in retinal structure and functional impairment and may represent a
promising candidate for preclinical gene therapy studies for LCA.
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1. Introduction

The GUCY2D gene is responsible for the production of the retina-specific enzyme
guanylate cyclase 2 expressed in the outer segment of photoreceptor cells, which is re-
sponsible for photoreceptor recovery in phototransduction. The function of the enzyme is
decreased with reduced levels of cytoplasmic calcium levels (Ca 2*) [1].

In humans, variants in the gene coding for the retina-specific enzyme guanylate
cyclase 1 exhibit two common phenotypes: autosomal recessive inheritance (AR) causing
type I Leber’s congenital amaurosis (LCA), and autosomal dominant inheritance (AD)
causing cone-rod dystrophy (CRD). Other, more rare phenotypes have also been described
in association with the GUCY2D variant, such as central areolar dystrophy and early-onset
retinitis pigmentosa [2]. Among the most severe and earliest congenital dystrophies of
childhood, LCA represents approximately 9% of all patients [3] and GUCY2D variants
are causal in 10-20% of those cases [2]. CRD starts in the first decade of life and affects
the macula, and the main symptom is visual impairment with central scotoma. To date,
13 genes have been identified as being responsible for non-syndromic CRDs. GUCY2D
variants are present in approximately 25% of cases and are limited to exon 13, which
encodes the dimerization domain of guanylate cyclase. It is anticipated that additional
genes will be identified in the future [2,4,5].

A condition analogous to LCA in humans was recently identified as an important cause
of vision loss in domestic canines carrying a GUCY2D variant (c.1598_1599insT spontaneous
frameshift homozygosis variant in exon 7) and exhibiting a form of progressive retinal
atrophy (PRA). This was described in our previous work® on the identification and genetic
characterization of the GUCY2D variant in German Spitz dogs affected by early-onset
PRA. In that initial report, we established the pathogenicity of a frameshift variant and
documented its associated clinical phenotype. In the present study, we advance this line of
research by employing the canine model in a comparative framework with humans carrying
autosomal recessive GUCY2D-associated retinal dystrophies. This progression from genetic
characterization to cross-species phenotypic modeling strengthens the translational bridge
between veterinary and human ophthalmic genetics [6]. Anatomical similarities with the
human eye, especially size and a retinal area with a high density of cones destined for
high visual acuity, can make dogs a superior animal model for vision studies compared to
rodents [7,8].

The aim of this study is to compare a group of German Spitz dogs exhibiting early-
onset hereditary retinopathy with a group of humans carrying variants in the same gene
and presenting the LCA phenotype. Furthermore, we will explore various factors that
may support future translational ophthalmological research, including advancements
in gene therapy.

2. Materials and Methods
2.1. Ethical Approval

The Ethics Committee of Health Sciences at UFPR approved the retrospective de-
scriptive study conducted on humans on 6 April 2022 (54931221.4.0000.0102). The study

involving German Spitz dogs received approval from the Committee on the Ethical Use of
Animals (CEUA) of UFPR (050/2021) on 15 October 2021.

2.2. Patients

This study involved a review of medical records and ophthalmologic examinations of
10 human patients affected by a variant in the GUCY2D gene, conducted at the Institute of
Ocular Genetics, Sao Paulo, SP, Brazil. All human participants underwent genetic testing,
and only those with the autosomal recessive phenotype were included. Informed consent
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was obtained from all patients. A second comparative group consisted of 16 German
Spitz dogs from a breeder, examined at the Veterinary Hospital of the Federal University
of Parand, which were affected by a genetic variant in the GUCY2D gene and displayed
phenotypic signs of early-onset PRA. All dogs in the study group were either confirmed
to be homozygous for the ¢.1598_1599insT variant (p.Ser534GlufsTer20) or were affected
littermates with a clinically confirmed disease phenotype. The 16 dogs in the present study
are the same individuals previously reported [6]. However, all of the clinical data presented
here are entirely original.

2.3. Clinical Examination and Tests

In reviewing the medical records of human patients, the following information was
considered: sex, age, genetic test (alleles and variant when available), clinical history,
best corrected visual acuity improvement (BCVA) using the Snellen chart, and ophthal-
mologic examination. BCVA was considered extremely compromised when both light
perception (LP) and hand movements (HM) were absent. Fundus photographs were
analyzed and categorized by the same ophthalmologist with an emphasis on the pres-
ence of arteriolar attenuation, venous attenuation, optic disc pallor, and retinal macular
changes. Some patients had also undergone additional tests such as fundus autofluores-
cence (FAF), electroretinography (ERG), optical coherence tomography (OCT), and visual
field (VF) testing.

The diagnosis of PRA in the 16 German Spitz dogs was performed at the Veterinary
Hospital of UFPR inclusive of a review of their medical records. The following data
were evaluated: sex, age at diagnosis, type of genetic inheritance, visual acuity (assessed
by menace response, dazzle reflex, pupillary light reflex, cotton ball test, and obstacle
avoidance in both photopic and scotopic conditions), presence of nystagmus, and genetic
test results. Each maze trial included three attempts, all conducted under standard room
lighting. At the start of each attempt, the owner called the dog’s name and then remained
silent to avoid unintentionally guiding the dog. If the dog did not complete the maze
within one minute, the owner was instructed to call the dog again. Any dog that failed to
complete the maze within 5 min was recorded as a failure.

Fundus photography was analyzed by the same ophthalmologist (BLGV, FMF) for
the following parameters: presence of blood vessel attenuation, presence or absence of
neurosensory retinal detachment (NRD), the area of the tapetum, presence or absence of
tapetal hyperreflectivity, accumulation of pigment spots in the retina, and optic disc pallor.
Dogs who were submitted to OCT had images evaluated by the same individual for total
retinal thickness of the ventral retina in relation to the dorsal and thickness of the outer
nuclear layer (ONL), and the presence or absence of NRD. ERGs were also performed
and evaluated.

For OCT, pupil dilation was performed. Subsequently, 10 retinal cross-sectional
images were obtained for each eye, covering tapetal, nontapetal, and peripapillary regions.
Total retinal and outer nuclear layer (ONL) thicknesses were measured in the dorsal
(2000-3000 um from the dorsal edge of the papilla) and ventral (2000-3000 pm from the
ventral edge of the papilla) retinal areas. In each region, measurements were taken from
four adjacent cross-sections, avoiding retinal vessels [9], using the software provided in the
Spectralis SD-OCT (Heidelberg Engineering©, Franklin, MA, USA).

Electroretinography (ERG) was performed at least 60 min following clinical exam-
ination and imaging. Pupils were dilated using 1% tropicamide eye drops (Mydriacyl,
Alcon™, Vernier, Switzerland) and 10% phenylephrine eye drops (Frumtost). In humans,
ERGs were conducted following ISCEV standards. For dogs, two ERG protocols were
used. The first protocol, performed on dark-adapted (20 min) conscious animals, involved a
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simple protocol using flash stimuli of 0.47 and 1 log cds/m? (with each stimulus, an average
of four flashes at 0.05 Hz was recorded). These “standard” and “high-intensity” stimuli
both elicited a mixed rod—cone response. The second protocol used a preprogrammed
ERG sequence. Ten ERGs in both protocols were recorded using a portable ERG unit
equipped with a Mini Ganzfeld flash photostimulator with white LEDs (HMsERG VET
System, OcuScience®, Henderson, NV, USA), positioned 1 cm from the corneal surface. A
corneal contact recording electrode (ERG-]Jet, Fabrinal SA, Neuchatel, Switzerland) served
as the active electrode (placed following the application of 0.5% proparacaine hydrochlo-
ride ophthalmic solution USP; Alcon Laboratories for the first protocol). The reference
and ground electrodes were platinum subdermal needles (Model E2, Grass Technolo-
gies, Borris, Ireland) placed 2 cm from the lateral canthus and over the dorsal cervical
region, respectively. Electrode impedance was maintained at <5 k(2, with a bandpass of
0.3-300 Hz [10,11].

3. Results
3.1. Humans

This group consisted of ten participants (five females, five males) affected by the disease-
associated GUCY2D autosomal recessive gene variant. The ages ranged from 4 to 55 years
(mean = standard deviation = 18.2 £ 15.5 years). Human patients were identified as 01 to 10.
Each individual is described with the respective genetic and ocular findings (Table 1). Patient
05 presented with keratoconus and two patients had strabismus (03 and 08).

In patients evaluated with an autofluorescence exam, all exhibited changes with
the presence of hyper-autofluorescence (patients 01, 02, 04, 06, 08, and 10). Patient 02
presented with normal OCT of the macula and optic nerve. The OCT of the macula of
patients 05 showed foveal outer retinal atrophy; patient 04 had foveal focal outer retinal
defect and extrafoveal outer retinal rarefaction; and patient 10 had foveal outer retinal
irregularity (Figure 2).

Table 1. GUCY2D autosomal recessive variants and clinical and ophthalmological findings. Details
of the 10 patients affected by the AR variant in the GUCY2D gene and hereditary retinal dystrophy.
Note the alleles affected. Patient 09 did not have complete data.

Age BCVA . .
ID Allele 1 Allele 2 Sex (Years) (Snellen Table) History and Eye Exam Macular Alteration
3-month-old
01 ¢1956+1G>A ¢.1245delT M 10 No LP OU nystagmus (sibling of Foveal
(paternal) (maternal) Go8) hyper-autofluorescence
08 c.1956+1G>A c.1245delT F 8 LP OU Nystagmus, strabismus Foveal
(paternal) (maternal) (sibling of GO1) hyper-autofluorescence
c.2620G>A c.1A>G Phenotype of cone Foveal
02 (p.Glu874Lys) (p.Met1?) F 17 20/600U dystrophy hyper-autofluorescence
.1245delT €.2598G>C
03 (p.Phed15LeufsX73)  (p.Lys866Asn) M 4 HM OU Nystagmus and ET No
Yes (hypertrophy of RPE
04 ¢c.1052A>G ¢.1052A>G F 55 20/80 OD-20/70 Night blindness since foveal) OD, foveal
(p.Tyr351Cys) (p.Tyr351Cys) 0os childhood, myopia hyper-autofluorescence
Consanguineous .
Bull’s eye OU, ring
c.1972C>T c.1972C>T parents
05 (p.His658Tyr) (p.His658Tyr) M 7 HMOU Keratoconus, corneal hypo-autofluorescence
; around the fovea.
leucoma in OS
06 ¢1957-2A>G ¢.1957-2A>G M 14 HM OD-LP 05 Consanguineous No

parents
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Table 1. Cont.

Age BCVA . .
ID Allele 1 Allele 2 Sex (Years) (Snellen Table) History and Eye Exam Macular Alteration
Consanguineous
c1343C>A c1343C>A parents
07 (p.Ser448X) (p.Serd48X) M 10 No LP OU Low VA, nystagmus No
from birth
Hyperopia
Nystagmus,
09 c1343C>A c1957-245G  F 4 LPOU strabismus, low VA -
(p.Ser448X) ;
since 2 months
Foveal RPE atrophy, foveal
€.2302C>T c.767A>C Change in macular hyper-autofluorescence with
10 (p.Arg768Trp) (p.GIn256Pro) F B 20/150 OU brightness hipo-autofluorescence areas
ou

F: female, M: male, BCVA: best corrected visual acuity, OU: both eyes, LP: light perception, HM: hand movements,
OD: right eye, OS: left eye, VA: visual acuity, ET: esotropia; RPE: retinal pigment epithelium.

Twenty percent of patients (2/10) presented with arteriolar attenuation (04 and 05) and
two patients presented with increased arteriolar tortuosity (01 and 08, who were siblings)
(Figure 1, Figures S1 and S2). Venous attenuation and optic disc pallor were not observed
in any of the patients. Patients 04 and 10 exhibited a significant reduction in sensitivity
macula and decreased sensitivity in all quadrants of VF (Figure S3). Extremely low BCVA
was observed in seven patients (7/10) and nystagmus was described in five patients (5/10).
A history of consanguinity was described in three patients (3/10).

01. OD(FAF)

02.0S(FAF)

Figure 1. Ophthalmological findings of patients 01-03 in the human group. 01.0D and 01.0S: Fundus
photographs show increased arteriolar tortuosity is present in OU. 01.OD(FAF): Auto fluorescence
examination showing hyper-autofluorescence in OD. 02.0D and OS: Color fundus photography
without notable abnormalities. 02.0D(FAF) and OS(FAF): Autofluorescence examination of the same
patient showing hyper-autofluorescence in OU. 03.0D and OS: Color fundus photography without
alterations. OU: both eyes, OD: right eye, OS: left eye.
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Figure 2. Macula OCT scans from human group. 02. OD: Macula OCT scan of patient 02 shows an
unaltered inner, outer retinal architecture and choriocapillary. 04. OS: Macula OCT scan of patient
04 shows reduced reflectivity of the RPE and the ellipsoid zone with point interruption in the fovea
(blue circle). 05. OD: Macula OCT scan of patient 05 indicates an absence of the ellipsoid zone foveal
and perifoveal RPE (green circle). 10. OD: Macula OCT scan of patient 10 displays foveal outer retinal
irregularities (black circle). OCT: optical coherence tomography, RPE: retinal pigment epithelium,
OD: right eye, OS: left eye. Bar size: 250 um.

Patients 03, 09, and 10 presented an ERG exam with an absence of cone and rod
responses. Patient 04 and 10 presented with visual field results (using Humphrey® 24-2,
Zeiss, Hebron, KY, USA) with a significant reduction in macula sensitivity and decreased
sensitivity in all quadrants.

3.2. German Spitz Dogs

Group 2 consisted of 16 German Spitz dogs (6 females, 10 males) affected by early-
onset retinopathy caused by the AR variant in the GUCY2D gene, with ages ranging from
1.5 to 22 months (mean = standard deviation = 5.2 = 5.4 months). The dogs were numbered
1-16. The age at diagnosis, fundus photography, ERG, and OCT, as well as the results of
genetic testing, are reported in Table 2.

The genetic inheritance observed for all dogs was AR. The genetic testing of affected
dogs revealed a ¢.1598_1599insT spontaneous frameshift homozygosis variant in exon 7 of
the GUCY2D gene, which produces the p.Ser534GlufsTer20 protein. The remaining dogs
had the same phenotypic condition and all were siblings.

All dogs failed the cotton ball test and obstacle avoidance in photopic and scotopic
conditions in the exam room and thus were considered to have low visual acuity. Oscillatory
nystagmus was present in 13 of 16 dogs (81.25%). In all dogs, there was no response in
scotopic and photopic ERGs exam through one year of age.
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Table 2. Details for the dog group. Details of the dogs affected by the same variant in the GUCY2D gene,
seX, age at diagnosis, fundus photography, ERG, and OCT. Patient 12 did not have complete data.

D Gender Age at Diagnosis ERG Age (Months) o
1. M 3 3

2. M 3 3 32
3 M 3 3 36
4. F 5 5

5. F 22 9

6. M 9 ?

7 M 3 3 15
8. M 3 4 8
9. F 3 4 8
10. M 3 4 13
11. M 4 4

12. M 15 15

13. F 2 2 4
14. F 2 2

15. F 2 2

16. M 15 3

F: female, M: male, m: months, OCT: optical coherence tomography, ERG: electroretinography.

Fundus photography (Figures 3 and S4) showed slight arteriolar attenuation in seven
dogs and increased tortuosity in four dogs. Optic nerves with a normal pink appear-
ance and retinal veins of normal caliber were present in all dogs. Three of the dogs
had slightly mild pigmentary dispersion and some degree of choroidal abnormalities
(2, 13, 14). The area of the tapetum was reduced or hypoplasic in seven dogs and com-
pletely absent in four dogs. Hyperreflectivity of the tapetum was observed in eight dogs.

Figure 3. Ophthalmological findings in the dog study group. 1. OS: Arteriolar attenuation and
absent tapetum. 2. OD: Arteriolar attenuation, hypoplastic tapetum, slight pigmentary mobilization,
and choroidosis. 3. OD: Mild arteriolar attenuation and hypoplastic tapetum with hyperreflectivity.
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4. OS: Mildly affected with hypoplastic tapetum with hyperreflectivity. 5. OS: Increased arteriolar
tortuosity, hypoplastic tapetum with hyperreflectivity, and presence of neurosensory retinal detach-
ment (circle). 6. OS: Arteriolar attenuation and hypoplastic tapetum with hyperreflectivity. 7. OS:
Increased arteriolar tortuosity and tapetal hyperreflectivity. 8. OS: Increased arteriolar tortuosity and
tapetal hyperreflectivity. 9. OD: Arteriolar attenuation, hypoplastic tapetum with hyperreflectivity,
and presence of neurosensory retinal detachment (circle). OS: left eye, OD: right eye.

Seven dogs (2, 3, 7-10, and 13) had OCT exams, in which focal NRD (Figure 4) was
observed in four (7-9, 13) and reduction of the ventral retina in relation to the dorsal retina in all
cases. An additional three dogs had focal NRDs detected in fundus photography (1, 4, and 5).

RT HS] ART(10) Q 20

Figure 4. Macula OCT scans from the dog study group. 10: Local atrophy of the outer retina with
collapse of the inner retina reducing the thickness to 87 um. 3.a and 3.b: Ellipsoid zone rarefaction
and measurements of dorsal retinal thickness (3.a) of 154 um relative to a ventral retinal thickness
(3.b) of 147 um. 7.a and 7.b: Ellipsoid zone rarefaction, focal detachments of the neurosensory retina
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(NRD) (yellow circle), and measurements of dorsal retinal thickness (7.a) of 186 um relative to a ventral
retinal thickness (7.b) of 134 um. 8: Presence of two focal NRDs (yellows circles). 2: Complete atrophy
of all ventral retinal layers in relation to the dorsal. 9: Presence of four focal NRDs (yellow circles).
13: Ellipsoid zone rarefaction and five focal NRD (yellow arrows). OCT, optical coherence tomogra-
phy; NRD, detachment of the neurosensory retina. Bar sizes on the left corner: 200 pm.

The OCT scans (dogs and age at the time of the exam present in Figure 4) of dogs 3,
7,10, and 14 showed an outer nuclear layer (ONL) medium thickness of 42 pm, 47.5 um,
56 um, and 64.5 um, respectively, with ellipsoid zone absence in one of the dogs (10) and
ellipsoid zone rarefaction in dogs 3, 7, and 13.

4. Discussion

The present study extends our earlier work describing the GUCY2D variant in Ger-
man Spitz dogs by moving beyond variant discovery and clinical description to a direct
comparative analysis with human LCA patients. This stepwise approach from defining
the molecular defect in a naturally occurring animal model to integrating it into a com-
parative translational context provides a more comprehensive understanding of disease
mechanisms [6].

To provide a clearer overview of the similarities and differences between the human
and dog cohorts, we compiled a side-by-side comparison of their main clinical, electrophys-
iological, and fundus imaging characteristics (Table 3). This comparative format allows for
a more immediate visualization of overlapping features, such as early onset, severe visual
impairment, and absence of both cone and rod responses on ERG, as well as species-specific
findings, including retinal pigment epithelium changes in humans and tapetal abnormali-
ties in dogs. Table 3 serves as a framework for the subsequent discussion, in which these
shared and distinct features are analyzed in greater detail to explore their implications for
disease understanding and the translational applicability of the dog model.

A previously published study in humans reported that a total of 144 variants have
been reported in the GUCY2D gene, of which 127 (88%) are associated with LCA and 13
(9%) cause CRD [12]. The variants found in the human group were AR with phenotypic
expression of LCA, and our results correspond to those published in relation to the preva-
lence of the AR phenotype. All of the gene variants related to the GUCY2D gene in humans
described in this retrospective study have been previously identified [13].

Consanguinity is present in more than 10% of humans with hereditary retinal dystro-
phy (RD), and, more specifically in LCA, it accounts for 9% of cases, and, in early RD, it
accounts for 2% [3]. Consanguineous marriages increase the risk of AR dystrophies, which
is prevalent in South Asian countries where the practice is most common, as well as in the
Pakistani population [14,15]. The present study showed a higher consanguinity rate of 30%
in the human study group.

The reported rates of nystagmus in humans range from 78.6% to 100%, with severe
visual impairment being a predominant characteristic of LCA [16,17]. The results of this
study found a 50% prevalence of nystagmus in humans, lower than previously published
data. However, a higher percentage of severely impaired BCVA (70%) was found in cases
of no LP, LP, and HM compared to previously published studies (57%) in patients with
LCA-associated variants in the GUCY2D gene [18]. Comparing the visual acuity of the
human group with the dog group, 100% of dogs had severe low visual acuity, failing both
the cotton ball test and the avoidance of obstacles in photopic and scotopic conditions. This
finding supports similar findings for the phenotypic expression of severe visual impairment
due to a recessive variant in the GUCY2D gene [6].
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Table 3. Clinical and ophthalmological comparison between human and dog cohorts with autosomal
recessive GUCY2D-associated retinal dystrophy. Comparing the two groups, the majority are male
and the presentation of the disease is early with extreme visual acuity impairment associated with
absent cone and rod function documented by electroretinography. BCVA was considered extremely
compromised in cases of no light perception (LP), LP, and no hand movements (HM) detection.
Fundus photographs were analyzed and categorized by the same ophthalmologists (BLVG, FMF)
with emphasis on the presence of arteriolar attenuation, venous attenuation, optic disc pallor, retinal
macular changes, presence or absence of neurosensory retinal detachment (NRD), the area of the
tapetum, and presence or absence of tapetal hyperreflectivity. AR: autosomal recessive, BCVA: best
corrected visual acuity, ERG: electroretinography, RPE: retinal pigment epithelium, OCT: optical
coherence tomography.

Human Group Dog Group
Age 4 to 55 years 2 to 22 months
Autosomal inheritance 100% AR 100% AR
Extremely low BCVA 70% 100%
Nystagmus 50% 81.3%
ERG Absence of responses from the cones and Absence of responses from the cones and
rods rods
Reduced/absence reflectivity of the RPE and Reduced/absence rgﬂeC.t ivity of the RPE and
OCT the ellipsoid zone the ellipsoid zone;
P Presence NRD
1. Slight arteriolar attenuation in 53.8%;
1. Arteriolar attenuation in 20%; 2 Ir'lcreaseq tortuosity in 23'1 /0.;
. o 3. Pink optic nerve and veins with normal
2. Increased tortuosity in 20%; oo L
. . . . caliber in 100%;
3. Pink optic nerve and veins with normal . . S
caliber in 100%: 4.  Slight pigmentary mobilization and
Fundus Photography ’ some degree of choroidosis in 18.8%;

4. RPE atrophy or hypertrophy or
drusenoid deposits in 30%;
5. Hyper-autofluorescence in 60%;

5. Tapetum was hypoplasic in 61.53% and
completely absent in 30.8%;
Hyperreflexivity of the tapetum in 50%;
7. NRDin 18.8%

S

Some patients in the human group showed RPE alteration, a finding that has been pre-
viously related to variant of this gene [19]. Color fundus photography exams showed subtle
alterations, predominantly associated with arteriolar attenuation. As already well docu-
mented in the literature, the dissociation between function and morphology is particularly
striking in human patients with LCA and was confirmed in the present study [20].

The present study also found subtle changes in the fundus photographs from the dog
group that were better visualized on OCT as subtle outer retina changes, similar to the
human group. The fundus images of the dog group abnormalities included slight changes
in arteriolar attenuation, pigmentary mobilization, choroidosis, and possible variations
in the tapetal reflectivity. The presence of NRD and hyperreflectivity of the tapetum,
characteristic of the canine species and common in cases of progressive retinal atrophy, is a
major difference due to the absence of tapeta in humans.

In humans, the ERGs were mostly undetectable but may maintain a residual rod
response in some patients with GUCY2D-associated LCA [20,21]. ERG scans of humans
showed significant a- and b-wave reduction, and in the dog group, virtually no response
to the light stimulation of rods under scotopic and residual cone response in photopic
conditions was observed. ERGs were extremely compromised in both groups, compatible
with the recessive variant phenotype of the GUCY2D gene.
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Human OCT scans show the compromised integrity of the ONL and ellipsoid zone in
patients with LCA [16,20]. Although other studies reported mild outer retinal involvement
with progression over the years [18-21], the human group included OCT scans of the macula
from five patients that showed greater outer retinal involvement than in the previously
published data. However, in humans, the OCT scans ranged from apparent normality, outer
retinal irregularities, and focal ellipsoid zone atrophies to complete outer retinal atrophy.
In the dog group, similar outer retinal changes were also found, including ellipsoid zone
rarefaction, areas of outer retinal atrophy, and complete outer retinal atrophy in one dog
(dog 10). Another study of APR in dogs associated with the RPE65 variant showed, via
OCT, a reduction in total retinal thickness in the affected group, with the main reduction in
the outer retina and an increase in the thickness of the RPE [22].

In normal dog eyes subjected to OCT, the total retinal thickness of the superior sector
(dorsal) was 204 pum and the inferior (ventral) sector was 178 pm. The total retinal thickness
was significantly greater in the superior sector compared to the inferior (p = 0.010) [23].
Another study of the ONL in dogs showed that it rapidly decreases in thickness between
4 and 12 weeks of age, and the average thickness of the ONL of the superior retina is
58.9 + 4.6 um, compared to 52.4 = 7.7 um for the inferior retina [24]. Retinal OCTs in
the dog group showed a reduction in ventral retinal thickness relative to dorsal retinal
thickness in the entire group, with a reduction in the ONL thickness in only two dogs. In
addition, OCT scans and fundus photography identified retinal bullae (similar to NRD in
humans), which has also been observed in Whippet dogs affected with another form of
inherited retinopathy [25]. Overall, the preservation of the ONL found in the dog group
is similar to the OCT scans of human, in which the predominance of alterations is in the
outer retina.

The involvement of the macula with foveal hypo-reflectivity is not suggestive of fluid
NRD, but rather is a degenerative process featuring photoreceptor loss and the transient
separation of the layers for subsequent focal retinal atrophy at that location. This finding is
similar to the NRD in dogs—the bullae—and has been described previously in hereditary
RD [26]. However, this was not identified in any of the human group patients of the
present study.

In another study involving 31 dogs with a form of hereditary retinopathy, 58% of the
affected dogs were male and the main fundoscopy findings were tapetal hyperreflectivity,
diffuse vascular attenuation, hypopigmentation of the non-tapetal area, and pallor of the
optic disc [27]. Three dogs affected by a different form of early onset hereditary retinopathy
in the Shih Tzu breed showed similar results [28]. In the present study, the fundus pho-
tographs of the dogs showed very subtle changes similar to those already described in the
literature. These data are also similar to those found on fundus photography of humans,
with six patients presenting very close to normal (or only showing abnormalities with FAF).

The safety and preliminary efficacy of escalating doses of ATSN-101, a subretinal gene
therapy for LCA type 1, were assessed in another study with significant improvements
in retinal sensitivity observed in patients receiving the high dose [29]. Previous studies
in animal models of LCA1 had demonstrated the restoration of rod and cone function
via electroretinography following the administration of GUCY2D mediated by a recombi-
nant adeno-associated virus serotype, underscoring the importance of animal models in
research [29].

The limitation of the current study was the use of retrospective data. As inherent with
all retrospective evaluations, the review of the data could be more robust if there was a
greater continuity in the exams and better-quality images had been obtained.

Additional evidence from this study to support the rationale for the gene therapy
model in dogs is the similarities demonstrated by ophthalmological and clinical examina-
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tions when comparing the two groups. This study demonstrates that the German Spitz dog
animal model has clinical features similar to humans affected with LCA; these dogs exhibit
subtle changes in fundus photographs, retinal thickness reduction with changes in the outer
retina, important functional reduction determined by extreme visual impairment, and the
reduction in a and b waves on ERG. Recently, a patent was published for gene therapy of
the GUCY2D variant associated with LCA, consisting of a recombinant adenovirus vector
containing nucleic acid for the production of guanylate cyclase. Restoration in a mouse
model resulted in the improvement of the ERG by 45% for cones, and increased retinal
organization on OCT compared to untreated mice [30].

This manuscript offers a unique perspective by presenting, within a single study,
comprehensive data from an analogous form of disease in both humans and dogs, enabling
a direct cross-species comparison. While previous studies have shown that dogs can serve
as valuable models for Leber congenital amaurosis (LCA), our study strengthens this
evidence by focusing on the same gene (GUCY2D) and the same inheritance pattern in
both species.

A recent ARVO presentation by Beckwith-Cohen and colleagues demonstrates that
gene augmentation therapy can achieve partial restoration of vision in dogs affected by
GUCY2D-associated LCA [31]. Using an AAV-based vector to deliver a functional GUCY2D
gene into the retinas of mature dogs, the researchers observed measurable improvements in
visual function—evidence that even after retinal maturation, some photoreceptors remain
rescuable. While the degree of functional recovery did not reach full normality, these results
importantly validate the dog GUCY2D LCA model as a translational platform for preclinical
gene therapy and underscore the potential for restoring vision in LCA patients [31]. We
propose that gene therapy in the group of dogs with a spontaneous genetic variant would
be an excellent model for the treatment of variants in the GUCY2D gene in both dogs and,
potentially, humans.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/vetsci12090879/s1; Figure S1: Ophthalmological findings of
patients 04-06 in the human group; Figure S2: Ophthalmological findings of patients 07-08-10 in the
human group; Figure S3: VF exams of the human group; Figure S4: Ophthalmological findings in the
dog group.
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Abbreviations

The following abbreviations are used in this manuscript:

LCA  Leber’s congenital amaurosis
CRD  Cone-rod dystrophy
OCT  optical coherence tomography

ERG electroretinogram
AR autosomal recessive
AD autosomal dominant

UFPR  Federal University of Parana
BCVA  best corrected visual acuity

FAF autofluorescence

VE visual field

RD retinal dystrophy

NRD  neurosensory retinal detachment
LP light perception

HM hand movements

RPE retinal pigment epithelium

ONL  outer nuclear layer

References

1. Koch, K.-W,; Stryer, L. Highly cooperative feedback contol of retinal rod guanylate cyclase by calcium ions. Nature 1998,
334, 64-66. [CrossRef]

2. Duda, T.; Koch, K.W. Retinal diseases linked with photoreceptor guanylate cyclase. Mol. Cell Biochem. 2002, 230, 129-138.
[CrossRef] [PubMed]

3.  Motta, EL.; Martin, R.P; Filippelli-Silva, R.; Salles, M.V.; Sallum, ].M.F. Relative frequency of inherited retinal dystrophies in
Brazil. Sci. Rep. 2018, 8, 15939. [CrossRef]

4. Hamel, C.P. Cone rod dystrophies. Orphanet |. Rare Dis. 2007, 2, 7. [CrossRef]

5. Jiang, F; Xu, K,; Zhang, X.; Xie, Y.; Bai, F,; Li, Y. GUCY2D mutations in a Chinese cohort with autosomal dominant cone or
cone-rod dystrophies. Doc. Ophthalmol. 2015, 131, 105-114. [CrossRef] [PubMed]

6. Bortolini, M.; Winkler, P.A.; Moreno, J].C.D.; Sato, M.T.; Guareschi, B.L.V.; Petersen-Jones, S.M.; Montiani-Ferreira, F. Preliminary
characterization of a novel form of progressive retinal atrophy in the German Spitz dog associated with a frameshift mutation in
GUCY2D. Vet. Ophthalmol. 2023, 26, 532-547. [CrossRef]

7. Occelli, LM.; Pasmanter, N.; Ayoub, E.E.; Petersen-Jones, S.M. Changes in retinal layer thickness with maturation in the dog: An
in vivo spectral domain—Optical coherence tomography imaging study. BMC Vet. Res. 2020, 16, 225. [CrossRef]

8.  Mowat, EM.; Petersen-Jones, S.M.; Williamson, H.; Williams, D.L.; Luthert, PJ.; Ali, RR.; Bainbridge, J.W. Topographical
characterization of cone photoreceptors and the area centralis of the canine retina. Mol. Vis. 2008, 14, 2518-2527. [PubMed]
[PubMed Central]

9.  Ofri, R.; Ekesten, B. Baseline retinal OCT measurements in normal female beagle: The effects of eccentricity, meridian, and age on
retinal layer thickess. Vet. Ophthalmol. 2020, 23, 52-60. [CrossRef] [PubMed]

10. Tuntivanich, N.; Mentzer, A.L.; Eifler, D.M.; Montiani-Ferreira, E.; Forcier, ].Q.; Johnson, C.A.; Petersen-Jones, S.M. Assessment of
the dark-adaptation time required for recovery of electroretinographic responses in dogs after fundus photography and indirect
ophthalmoscopy. Am. . Vet. Res. 2005, 10, 1798-1804. [CrossRef]

11. Dekomien, G.; Runte, M.; Gédde, R.; Epplen, ].T. Generalized progressive retinal atrophy of Sloughi dogs is due to an 8-bp
insertion in exon 21 of the PDE6B gene. Cytogenet. Cell Genet. 2000, 90, 261-267. [CrossRef]

12.  Sharon, D.; Wimberg, H.; Kinarty, Y.; Koch, K.W. Genotype-functional-phenotype correlations in photoreceptor guanylate cyclase
(GC-E) encoded by GUCY2D. Prog. Retin. Eye Res. 2018, 63, 69-91. [CrossRef]

13. ClinVar. ClinVar [Internet]. Nih.gov. 2019. Available online: https://www.ncbinlm.nih.gov/clinvar/ (accessed on 2 July 2024).

14. Zafar, S.; Ahmad, K,; Ali, A.; Baig, R. Retinitis pigmentosa genes implicated in South Asian populations: A systematic review.

J. Pak. Med. Assoc. 2017, 67, 1734-1739. [PubMed]


https://doi.org/10.1038/334064a0
https://doi.org/10.1023/A:1014296124514
https://www.ncbi.nlm.nih.gov/pubmed/11952088
https://doi.org/10.1038/s41598-018-34380-0
https://doi.org/10.1186/1750-1172-2-7
https://doi.org/10.1007/s10633-015-9509-7
https://www.ncbi.nlm.nih.gov/pubmed/26298565
https://doi.org/10.1111/vop.13079
https://doi.org/10.1186/s12917-020-02390-8
https://www.ncbi.nlm.nih.gov/pubmed/19112529
https://pmc.ncbi.nlm.nih.gov/articles/PMC2610288
https://doi.org/10.1111/vop.12683
https://www.ncbi.nlm.nih.gov/pubmed/31192536
https://doi.org/10.2460/ajvr.2005.66.1798
https://doi.org/10.1159/000056785
https://doi.org/10.1016/j.preteyeres.2017.10.003
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/pubmed/29171570

Vet. Sci. 2025, 12, 879 14 of 14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Gul, H.; Shah, A.H.; Harripaul, R.; Abbasi, S.W.; Faheem, M.; Zubair, M.; Muzammal, M.; Khan, S.; Vincent, J.B.; Khan, M.A.
Homozygosity mapping coupled with whole-exome sequencing and protein modelling identified a novel missense mutation in
GUCY2D in a consanguineous Pakistani family with Leber congenital amaurosis. J. Genet. 2021, 100, 57. [CrossRef] [PubMed]
Hahn, L.C.; Georgiou, M.; Almushattat, H.; van Schooneveld, M.].; de Carvalho, E.R.; Wesseling, N.L.; Brink, ].B.T.; Florijn, R.J.;
Lissenberg-Witte, B.I.; Strubbe, I ; et al. The Natural History of Leber Congenital Amaurosis and Cone-Rod Dystrophy Associated
with Variants in the GUCY2D Gene. Ophthalmol. Retin. 2022, 6, 711-722. [CrossRef] [PubMed]

Jacobson, S.G.; Cideciyan, A.V.; Peshenko, I.V.,; Sumaroka, A.; Olshevskaya, E.V,; Cao, L.; Schwartz, S.B.; Roman, A.].;
Olivares, M.B.; Sadigh, S.; et al. Determining consequences of retinal membrane guanylyl cyclase (RetGC1) deficiency in
human leber congenital amaurosis en route to therapy: Residual cone-photoreceptor vision correlates with biochemical properties
of the mutants. Hum. Mol. Genet. 2013, 22, 168-183. [CrossRef] [PubMed]

Bouzia, Z.; Georgiou, M.; Hull, S.; Robson, A.G.; Fujinami, K.; Rotsos, T.; Pontikos, N.; Arno, G.; Webster, AR,;
Hardcastle, A.J.; et al. GUCY2D-Associated Leber Congenital Amaurosis: A Retrospective Natural History Study in Prepa-
ration for Trials of Novel Therapies. Am. ]. Ophthalmol. 2020, 210, 59-70. [CrossRef]

Jacobson, S.G.; Cideciyan, A.V.; Sumaroka, A.; Roman, A.].; Wu, V,; Swider, M.; Sheplock, R.; Krishnan, A.K.; Garafalo, A.V. Leber
congenital amaurosis due to GUCY2D mutations: Longitudinal analysis of retinal structure and visual function. Int. J. Mol. Sci.
2021, 22, 2031. [CrossRef] [PubMed]

Jacobson, S.G.; Cideciyan, A.V.; Sumaroka, A.; Roman, A.J.; Charng, ]J.; Lu, M.; Choi, W.; Sheplock, R.; Swider, M.;
Kosyk, M.S,; et al. Outcome measures for clinical trials of leber congenital amaurosis caused by the intronic mutation in the
CEP290 gene. Investig. Ophthalmol. Vis. Sci. 2017, 58, 2609-2622. [CrossRef] [PubMed]

Yi, Z,; Sun, W,; Xiao, X.; Li, S; Jia, X,; Li, X,; Yu, B.; Wang, P.; Zhang, Q. Novel variants in GUCY2D causing retinopathy and the
genotype-phenotype correlation. Exp. Eye Res. 2021, 208, 108637. [CrossRef]

Annear, M.].; Mowat, EM.; Occelli, L.M.; Smith, A.]J.; Curran, P.G.; Bainbridge, ] W.; Ali, R.R.; Petersen-Jones, S.M. A Comprehen-
sive Study of the Retinal Phenotype of Rpe65-Deficient Dogs. Cells 2021, 10, 115. [CrossRef]

Graham, K.L.; McCowan, C.L; Caruso, K; Billson, EM.; Whittaker, C.].G.; White, A. Optical coherence tomography of the retina,
nerve fiber layer, and optic nerve head in dogs with glaucoma. Vet. Ophthalmol. 2019, 23, 97-112. [CrossRef] [PubMed]

Dufour, VL.; Yu, Y,; Pan, W.; Ying, G.-S.; Aguirre, G.D.; Beltran, W.A. In-vivo longitudinal changes in thickness of the canine
postnatal retina. Exp. Eye Res. 2020, 192, 107926. [CrossRef]

Somma, A.T.; Moreno, ].C.D.; Sato, M.T.; Rodrigues, B.D.; Bacellar-Galdino, M.; Occelli, L.M.; Petersen-Jones, S.M.; Montiani-
Ferreira, F. Characterization of a novel form of progressive retinal atrophy in Whippet dogs: A clinical, electroretinographic, and
breeding study. Vet. Ophthalmol. 2017, 20, 450—459. [CrossRef] [PubMed]

van Dijk, E.H.C.; Boon, C.J.F. Serous business: Delineating the broad spectrum of diseases with subretinal fluid in the macula.
Prog. Retin. Eye Res. 2021, 84, 100955. [CrossRef]

Kelawala, D.N.; Patil, D.B.; Parikh, P.V.; Sheth, M.].; Joshi, C.G.; Reddy, B. Clinical studies on progressive retinal atrophy in 31
dogs. Iran. ]. Vet. Res. 2017, 18, 119-123. [PubMed Central]

Urkasemsin, G.; Pongpanich, M.; Sariya, L.; Kongcharoen, A.; Buddhirongawatr, R.; Rungarunlert, S.; Ferreira, J.N;
Chetruengchai, W.; Phokaew, C.; Srichomthong, C.; et al. Whole genome sequencing identifies a homozygous nonsense mutation
in the JPH2 gene in Shih Tzu dogs with progressive retinal atrophy. Anim. Genet. 2021, 52, 714-719. [CrossRef] [PubMed]

Yang, P,; Pardon, L.P; Ho, A.C.; Lauer, A.K,; Yoon, D.; Boye, S.E.; Boye, S.L.; Roman, A.J.; Wu, V.; Garafalo, A.V,; et al. Safety
and efficacy of ATSN-101 in patients with Leber congenital amaurosis caused by biallelic mutations in GUCY2D: A phase 1/2,
multicentre, open-label, unilateral dose escalation study. Lancet 2024, 404, 962-970. [CrossRef] [PubMed]

Boye, S.E.; Hauswirth, WW.,; Boye, S.L.; University of Florida Research Foundation Inc. Raav-Guanylate Cyclase Compositions
and Methods for Treating Leber’s Congenital Amaurosis-1 (Ical). U.S. Patent US2022/0186260A1, 16 June 2022.
Beckwith-Cohen, B.; Winkler, P.A.; Azarkevich, A.J.; Sun, K.; Carrion, G.M.; Bortolini, M.; Ferreira, EM.; Boye, S.E.; Boye, S.L.;
Petersen-Jones, S.M. Gene augmentation therapy imparts partial visual recovery in a large animal model of GUCY2D Leber
congenital amaurosis (LCA1). Investig. Ophthalmol. Vis. Sci. 2025, 66, 2699.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s12041-021-01310-5
https://www.ncbi.nlm.nih.gov/pubmed/34470921
https://doi.org/10.1016/j.oret.2022.03.008
https://www.ncbi.nlm.nih.gov/pubmed/35314386
https://doi.org/10.1093/hmg/dds421
https://www.ncbi.nlm.nih.gov/pubmed/23035049
https://doi.org/10.1016/j.ajo.2019.10.019
https://doi.org/10.3390/ijms22042031
https://www.ncbi.nlm.nih.gov/pubmed/33670772
https://doi.org/10.1167/iovs.17-21560
https://www.ncbi.nlm.nih.gov/pubmed/28510626
https://doi.org/10.1016/j.exer.2021.108637
https://doi.org/10.3390/cells10010115
https://doi.org/10.1111/vop.12694
https://www.ncbi.nlm.nih.gov/pubmed/31297979
https://doi.org/10.1016/j.exer.2020.107926
https://doi.org/10.1111/vop.12448
https://www.ncbi.nlm.nih.gov/pubmed/27896899
https://doi.org/10.1016/j.preteyeres.2021.100955
https://pmc.ncbi.nlm.nih.gov/articles/PMC5534255
https://doi.org/10.1111/age.13118
https://www.ncbi.nlm.nih.gov/pubmed/34231238
https://doi.org/10.1016/S0140-6736(24)01447-8
https://www.ncbi.nlm.nih.gov/pubmed/39244273

	Introduction 
	Materials and Methods 
	Ethical Approval 
	Patients 
	Clinical Examination and Tests 

	Results 
	Humans 
	German Spitz Dogs 

	Discussion 
	References

